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Always start by trying the simplest model and then only add com-
plexity to the extent needed.
Levenspiel O.
The experimentalist who does not know what he is looking for, will
never understand what he finds.
Bernard C.
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Resumen
Los lechos fluidos se emplean en la industria por sus excelentes propiedades para el
transporte de calor y masa y por su capacidad para albergar y promover en su interior
reacciones qu´ımicas. En el interior de un lecho fluido pueden desarrollarse procesos
como el secado de un material granulado, intercambios de calor con una superficie o un
tubo, la conversio´n te´rmica de combustibles so´lidos o el recubrimiento de part´ıculas.
Muchas de estas aplicaciones requieren del movimiento de objetos en el interior del
lecho. Part´ıculas de combustible, catalizadores y aglomerados son ejemplos t´ıpicos
de part´ıculas que se pueden encontrar en los lechos fluidos. La caracterizacio´n del
movimiento de dichos objetos es necesaria para un adecuado funcionamiento y para
evitar problemas como por ejemplo la existencia de puntos calientes o fr´ıos en un reactor
o la aparicio´n de zonas defluidizadas debido a la aparicio´n de aglomerados.
El presente trabajo recoge un estudio experimental, empleando te´cnicas de ana´lisis
digital de imagen, del movimiento de objetos grandes (mayores que el material del
lecho) inmersos en un lecho fluido burbujeante. Los experimentos se llevaron a cabo en
dos instalaciones, un lecho bidimensional y otro tridimensional y de escala laboratorio.
Se analizaron diferentes objetos, variando su densidad y taman˜o.
Las caracter´ısticas fundamentales del movimiento de los objetos se estudiaron sobre
el lecho bidimensional. Siguiendo la trayectoria del objeto, se observaron y caracteri-
zaron los caminos preferentes y la homogeneidad en la distribucio´n espacial. Posteri-
ormente se estudiaron en detalle los ciclos descritos por el objeto en su camino desde
y hacia la superficie del lecho. Cada ciclo se compone de procesos de descenso y pro-
cesos de ascenso, observa´ndose en muchos casos una serie de movimientos de ascenso
y descenso intercalados a lo largo de la trayectoria. A partir de esta evidencia experi-
mental y considerando cada ciclo independiente de la historia previa, se desarrollo´ una
modelizacio´n de los ciclos a partir de cuatro para´metros fundamentales: las velocidades
medias de ascenso y descenso del objeto, la ma´xima profundidad alcanzada a lo largo
del ciclo y el nu´mero de movimientos ascendentes independientes (nu´mero de saltos)
que tienen lugar en el ciclo. Se estudiaron las velocidades de ascenso y descenso y se
establecio´ una metodolog´ıa de ca´lculo para los promedios, ante la existencia de cambios
xiii
bruscos de tendencia y movimientos vibratorios que dificultan la tarea de separacio´n
de los procesos. El proceso de ascenso del objeto esta´ vinculado al paso de burbujas.
Se cuantifico´ la probabilidad de ascender hasta la superficie mediante la accio´n de una
sola burbuja (un so´lo salto) y en funcio´n de ella la existencia e importancia relativa
de caminos de subida con mu´ltiples saltos, fruto de la accio´n de una serie de burbu-
jas y separados por periodos de descenso. Finalmente se definio´ un sencillo modelo
semi-emp´ırico para caracterizar el movimiento c´ıclico del objeto, basado en los cuatro
para´metros fundamentales, el nu´mero de saltos durante el ciclo, la ma´xima profun-
didad alcanzada y las velocidades medias de ascenso y descenso. Estos dos u´ltimos
para´metros se relacionaron con correlaciones habituales para la velocidad media de la
fase densa y de las burbujas y los dos primeros se modelaron, tanto en cuanto a su
relacio´n con el tiempo de circulacio´n del objeto como en sus respectivas distribuciones
de probabilidad.
Este procedimiento se utilizo´ inicialmente para caracterizar el movimiento de un
objeto cil´ındrico grande y de densidad similar a la del lecho y posteriormente se vario´
su taman˜o y densidad para estudiar el efecto de las fuerzas de flotabilidad, teniendo
tambie´n en cuenta el efecto de la velocidad del gas. Los resultados muestran que el
modelo semi-emp´ırico cuenta con validez general dentro del rango de variacio´n de los
experimentos. Esto incluye variaciones de la densidad desde ligeramente superiores a
la del lecho a valores inferiores a la mitad, cambio de taman˜o en el entorno del orden de
magnitud e incluso para cambios de altura del lecho y de la distribucio´n de taman˜os del
material que forma el lecho. La distribucio´n de probabilidades para el nu´mero de saltos
sigue una proporcio´n geome´trica. En funcio´n de ello se obtiene un valor de 45 % para la
probabilidad media de que una burbuja que mueva al objeto acabe deposita´ndolo en la
superficie del lecho y supone un 55 % de probabilidad de que el ciclo conlleve un nuevo
salto. Este valor medio se mantiene constante para todos los experimentos. Tambie´n
se obtiene un perfil parabo´lico para la distribucio´n de profundidades, que se explica
en funcio´n de los caminos preferentes de objetos y burbujas. En todos los procesos se
observa un efecto despreciable de las fuerzas de flotabilidad en el ascenso de objetos y
coherente con dichas fuerzas en los caminos de bajada.
Por u´ltimo, se estudio´ una aplicacio´n pra´ctica del movimiento de objetos, utilizando
un lecho 3-D de escala laboratorio. En este lecho se midieron los tiempos de circulacio´n
de los objetos mediante la adquisicio´n de ima´genes de la superficie del lecho. En el
estudio se compararon las distribuciones de tiempos de recirculacio´n para un lecho
esta´ndar y para otro en el que se introduce un actuador para modificar y mejorar
las caracter´ısticas de funcionamiento del lecho. El actuador empleado consiste en la
rotacio´n a baja frecuencia del distribuidor. Los resultados muestran la mejora de la
xiv
circulacio´n de objetos en todo el rango de medida. El aspecto fundamental consiste
en que en un lecho esta´ndar con distribuidor de placa perforada, el objeto acaba por
desaparecer, quedando inmo´vil en los huecos entre agujeros de la placa distribuidora.
Por otro lado aumenta la incidencia de periodos de circulacio´n muy largos a causa del
paso del objeto por la zona. Estos efectos no existen (desaparicio´n del objeto) o se
minimizan (periodos largos) con el distribuidor rotatorio, lo que permite aumentar el
rango de accio´n del lecho o recuperar objetos mediante la aplicacio´n del actuador. Este
trabajo incluye asimismo el estudio de la evolucio´n de las distribuciones de probabilidad
de los tiempos de circulacio´n en funcio´n del taman˜o del lecho, de la velocidad del gas
y de la densidad y taman˜o del objeto.
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Abstract
Fluidized beds are employed in industry because of their excellent properties involving
heat and mass transfer, and their capability to establish and promote chemical reactions
inside them. A variety of processes can occur inside a fluidized bed, including drying,
heat exchange, thermal conversion of solid fuels, and coating of particles. Most of
the applications of fluidized beds involve the motion of objects inside the bed. Fuel
particles, catalysts, and agglomerates are examples of typical objects found inside a
fluidized bed. It is necessary to characterize the motion of these objects within the
bed to establish the region of proper performance and to prevent operational problems
such as the existence of hot or cold spots in a reactor or the appearance of de-fluidized
zones due to the existence of agglomerates.
In this PhD thesis, the motion of large objects immersed in a bubbling fluidized
bed was experimentally studied using digital image analysis. The experiments were
performed in two facilities designed for such purpose, a 2-D bed and a lab-scale 3-D
bed. Different objects were tested, varying density and size.
The main characteristics of the object motion were studied in the 2-D bed. By direct
visualizations of the object trajectory, the preferential paths and the homogeneity of
its spatial distribution were characterized. Then, the cycles described by the object
in his way from and towards the surface of the bed were studied in detail. Every
cycle consists of processes of descent and processes of ascent. In most cases, a series
of movements of ascent and decrease interleaved along the path are observed. From
this experimental evidence and considering every cycle independent from the previous
history, four fundamental parameters can be used to characterize the cycles: the average
rising and sinking velocities of the object, the maximum depth attained along the cycle
and the number of independent rising movements (number of jumps) that take place in
each cycle. Concerning the rising and sinking velocities, a methodology was established
for the averaging calculations, as the existence of sudden changes of trend and vibratory
movements complicate the separation of the processes. The object sinking motion is
linked to the dense phase sinking motion and the object rising motion is linked to
the evolution of bubbles. The probability of reaching the surface by the action of a
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single bubble or jump was quantified, along with the existence and relative incidence
of cycles with multiple jumps. Finally a simple semi-empirical model was defined to
characterize the cyclical motion of the object, using the four fundamental parameters,
the number of jumps during the cycle, the maximum attained depth and the average
rising and sinking velocities. These latter two parameters were associated to well-known
correlations for the average sinking velocity of the dense phase and the average bubble
velocity, while the former ones were characterized in relation with the circulation time
of the object and also in his respective distributions of probability.
The procedure is tested for a neutrally-buoyant object and the results are presented.
Then, the procedure is applied to objects with different sizes and densities to study
the incidence of buoyant forces. The effect of the gas velocity is also studied. The
results show that the semi-empirical model possesses general validity within the range
of our experiments. This includes variations of the object density from lightly higher
to that of the bed to values lower than half of it, changes of object size around one
order of magnitude and even changes of the height of the bed and of the distribution
of sizes of the material that conforms the bed. The distribution of probabilities for
the number of jumps follows a geometric decay. As a consequence, a value of 45 % is
obtained for the average probability by which an object that starts rising by the action
of a bubble finishes in the surface of the bed without detaching from it or its trail.
This also implies that there is a 55 % probability that the cycle will have a new jump.
This average value is kept constant for all the experimental conditions tested. Also
a parabolic profile is obtained for the distribution of depths, which can be explained
considering the preferential paths of both objects and bubbles. Throughout the study,
a negligible effect of buoyant forces is observed during the object rising motion, while
it is relatively important and coherent with the above mentioned forces in the sinking
path.
Finally, a practical application of object motion in a 3-D bed is presented. The
circulation time of the objects is measured acquiring images of the surface of the bed.
A comparison is made between the distributions of circulation times for a standard bed
and for a bed in which an actuator is used to modify and improve the bed dynamics.
The actuator consists on a low-frequency rotation of the bed distributor. The results
show an improvement of the circulation of objects in the whole range measured. The
fundamental aspect consists on the fact that in a standard bed with a perforated plate
distributor, the object usually disappears after several cycles, and remains in the dead
zones between the holes of the distribution plate. On the other hand, the incidence
of long periods increases as a consequence of objects passing though the surroundings
and being affected proportionally. These effects do not exist (disappearance of the
xviii
object) or are minimized (long periods) when using the rotating distributor. This
result suggests the possibility of increasing the range of bed parameters that assure
a proper object circulation, or that to recover objects, by means of the application
of the actuator. This work also includes a study of the evolution of the probability
distributions of the circulation time depending on the height of the bed, on the speed
of the gas and on the density and size of the object.
xix

Chapter 1
Introduction
Fluidization is the phenomenon by which solid particles behaves in a fluid-like manner
when there is a vertical flow of fluid. The characteristics of the fluidized bed vary
depending on whether the fluid is a gas or a liquid, giving gas-solid or liquid-solid
fluidization. For gas-solid fluidized beds, different regimes appear inside the bed, de-
pending on the gas velocity.
Fluidization requires a fluid flow beyond a certain minimum. When a low flow of
gas passes through a bed of fine particles, the gas merely percolates through the spaces
between stationary particles. This is called a fixed bed. For higher flow rates, when
the local gas velocity equals the terminal velocity of the solid particles, the particles
begin to be suspended in the gas, presenting a radical reduction of the friction between
adjacent particles. This kind of bed is referred to as incipiently fluidized bed or bed
at minimum fluidization. The increase of the gas velocity above minimum fluidization
velocity usually produces instabilities in the bed and the appearance of bubbles of gas,
which is called a bubbling fluidized bed. Next, a turbulent motion of solids and voids is
observed when increasing the gas velocity even more, resulting in a turbulent fluidized
bed. Higher gas velocities produce the pneumatic transport of the solids that conform
the bed. This regime is used in circulating fluidized beds.
Fluidized beds are employed in industry because of their excellent properties in-
volving heat and mass transfer, and their capability to establish and promote chemical
reactions inside them. In parallel to the wide range of applications, there is a wide range
of scales concerning fluidized beds, from small dryers to huge fluidized bed reactors.
The focus of this PhD thesis is the study of the motion of objects immersed in a
bubbling fluidized bed (BFB hereafter).
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1.1 Liquid-like behavior of fluidized beds
A fluidized bed exhibits a liquid-like behavior, provided that the gas velocity exceeds
the minimum fluidization velocity. This liquid-like behavior can be observed carrying
out some easy experiments:
• When the fluidized bed vessel is tilted, the surface of the bed will remain hori-
zontal.
• If there is a hole at the bed wall, a jet of particles comes out of the bed, with a
velocity similar to
√
2 · g · hb, where hb is the height of the bed.
• The surfaces of two beds that are connected are at the same height; otherwise a
flow of particles would pass from the deeper bed to the shallower one.
• The differential pressure between two points of the bed can be calculated as the
weight of the bed per unit area between the two points (hydrodynamic pressure).
• An object with a lower density than the bed (generally named flotsam object)
would suffer an ascending buoyant force, while an object with a higher density
than the bed (jetsam object) would suffer a descending force.
1.2 Effect of bed particles on fluidization
The properties of a gas-solid fluidized bed may differ due to differences on the charac-
teristics of the particles that conform the bed. Geldart (1973) classified solids into four
different groups with similar properties, depending on the difference in density between
solid and gas, and the solids diameter. Geldart’s groups are reported in Figure 1.1.
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Figure 1.1: Geldart’s classification of particles for fluidization with air at atmospheric pressure
(adapted from Geldart (1973)).
Type A particles (aeratable particles) can be easily fluidized. The bed shows a
large expansion prior to the appearance of bubbles. Bubbles rise faster than the gas
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percolating through the emulsion and there is a maximum size for bubbles, which is
relatively small, around 10 cm.
When fluidizing type B particles (sand-like particles), bubbles appear in the bed as
soon as the minimum fluidization velocity is exceeded. Bubbles are produced near the
distributor and grow and coalesce during their rising path through the bed, becoming
large and producing a vigorous fluidization.
The fluidization of type C particles (cohesive particles) is extremely difficult since
inter-particle forces are larger than the forces produced by the gas motion. Channels
are formed from the distributor of the bed to the bed surface, with no fluidization of
solids.
Type D particles (spoutable particles) are difficult to fluidize due to its erratic
behavior. Large exploding bubbles or severe channels are formed, and the presence of
spouts is typical of beds using these particles.
Molerus (1982) explained the four groups based on the forces that appear inside
the fluidized bed. These forces include cohesive inter-particle forces, gravity forces and
drag forces. Cohesive inter-particle forces are the relevant forces when fluidizing type
C particles, whereas for type D particles gravity is the dominant force. Gravity and
drag forces are of the same order when operating with type B particles, whereas the
three forces are similar for type A particles.
1.3 Motion of objects inside a fluidized bed.
A large variety of fluidized bed applications involve the motion of objects within the
bed. Fuel particles, catalysts, and agglomerates are typical examples of such objects.
Others are involved in drying or coating processes. It is necessary to characterize the
motion of these objects within a bed for a proper design, to ensure overall circulation
and to prevent operational problems such as the existence of hot or cold spots and the
appearance of de-fluidized zones due to the existence of agglomerates.
Several authors have analyzed the motion of objects inside fluidized beds, based on
experimental studies carried out in 2-D or 3-D beds. This studies can be divided in
two categories, depending on the focus of the work: i) those in which the object has
similar characteristics (size and density) than the bed material and can be considered
a tracer, intended to analyze the motion of the dense phase, and ii) those in which the
object is larger than the bed material or/and has a different density, where the motion
of the object (reactant, catalysts, passive particle or agglomerate) is the focus of the
work.
A detailed revision of the literature can be found in the introductions of chapters
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3 to 5. The main picture, however, is as follows:
• Objects sink in the bed following the dense phase motion and rise by the action
of ascending bubbles.
• Both sinking and rising processes are subjected to modifications when buoyant
forces are present.
• Bubbling beds (except when very shallow) usually establish a 2-vortex configu-
ration. In such cases the object usually sinks at the sides of the bed and rises
through the central part.
• An object usually needs a number of passing bubbles to rise to the freeboard.
This is called multiple-jerk or multiple-jump behavior. Between the rising jumps,
the object performs sinking processes following the local dense phase.
• Objects with densities similar to the bed density usually circulate throughout
the whole bed, with a sinking velocity in good agreement with the Kunii and
Levenspiel (1991) correlation for the velocity of the dense phase.
• Objects with large density differences to that of the bed show a relative motion
to the dense phase due to significant buoyant forces. The relative velocity is then
linear with density.
• The mean rising velocity of objects is lower than the velocity of bubbles. There
are huge differences between authors concerning the mean rising velocity of a
neutrally buoyant object. It is expected to range roughly between 10 % and 30 %
of the mean bubble velocity along the bed. There are well established correlations
for this last velocity. The huge gap between the results of different authors may
lay in the lack of knowledge concerning the multiple-jump behavior and in some
uncertainty in defining bed and object density. This last one may vary by means
of a de-fluidized hood of dense phase particles forming on top of the object.
1.4 Scope of the thesis
This thesis presents an experimental work focused on the study of the motion of large
objects within a bubbling fluidized bed. Different measurement techniques have been
employed. A set of different Digital Image Analysis (DIA) techniques were used to track
the object and to characterize the bubbles, Particle Image Velocimetry (PIV) was used
to determine the dense phase velocity, and pressure measurements were employed to
describe the bed dynamics.
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Two different experimental setups have been used in this thesis, a 2-D BFB where
the entire object path can be observed and a 3-D BFB where the object can only be
observed when it reaches the freeboard. The general aspects of the motion of objects,
the multiple-jump behavior and the mean sinking and rising velocities were studied in
the 2-D bed and compared with the dense phase and bubbles motion. Also the incidence
of buoyant forces and the effect of object density and size was characterized. An
experimental model to characterize object circulation times is developed and extended
to 3-D beds. Finally, when operating with the 3-D bed, an actuator in the form of a
rotation was applied to the distributor and its effect on the object motion was analyzed.
The interest for industrial applications of such an actuator was described.
This PhD thesis has been organized in six chapters. Chapters 3 to 5 present the
results of this work and have been written as independent articles with its own abstract,
introduction, notation, and bibliography.
Chapter 2 describes the two experimental facilities employed during the tests. The
bed design, the measurement systems and the general bed dynamics are described for
both facilities. In the case of the 3-D facility the design of the distributor was also
explained.
Chapter 3 shows an analysis of the motion of a neutrally-buoyant object immersed
in a 2-D BFB. Special attention is focused on the circulation time of the object and
its distribution. It was found to depend on four main parameters: i) the mean sinking
velocity of the object, ii) its mean rising velocity, iii) the maximum depth attained by
the object, and iv) the number of jumps or number of bubbles needed for the object to
go back to the freeboard. Empirical expressions are given in this chapter to estimate
the circulation time distribution of the object. The object was also tested in the 3-D
bed and the expressions obtained in the 2-D bed to estimate the circulation time were
extended to the 3-D bed, and compared with the experimental data.
Chapter 4 discusses the effect of buoyant forces on the object motion. Different
objects were analyzed in the 2-D BFB and a similar analysis to that presented for the
neutrally-buoyant object was carried out.
Chapter 5 presents an analysis of the effect of a rotating distributor on the motion
of objects within a 3-D BFB. The improvements linked to the distributor rotation are
analyzed based on the capability of the bed to produce the circulation of a variety of
objects and the reduction of the incidence of large circulation times.
Finally, the main conclusions of the thesis are summarized in chapter 6.
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2.1 Introduction
Two different experimental facilities were employed in this PhD thesis, a 2-D and a
3-D bubbling fluidized beds. Chapters 3 and 4 show results taken from the 2-D facility,
whereas in Chapter 5 the tests were carried out in the 3-D bed.
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2.2 2-D bubbling fluidized bed
2.2.1 2-D facility
A 2-D facility was employed since 2-D beds permit to study bubble properties and
object paths throughout the whole bed, using visualization techniques. Qualitative in-
formation about the fluidization phenomena can be also obtained (Grace and Baeyens,
1986). The facility consists on a 2-D column with a width, W , of 0.5m, a height, H2D,
of 2m, and a thickness, T , of 0.01m. Figure 2.1 shows a schematic diagram of the
experimental facility. The column was made of aluminum with a glass front wall to
allow optical access. The rear wall of the bed was covered with a black paper to obtain
a high contrast between dense phase (white) and bubbles (black).
Plenum chamber
Air inlets
Distributor
Bed
Figure 2.1: Schematic diagram of the 2-D facility.
The fixed bed height, hb, was 0.5m. This is high enough to guarantee the existence
of a preferential path of bubbles, operating in a 2-vortex configuration according to
Pallare`s and Johnsson (2006) nomenclature. The dimensionless gas velocity U/Umf
was varied between 1.5 and 3, corresponding to a bubbling fluidization regime and
reaching gas velocities similar to that employed in industrial applications (Koornneef
et al., 2007). Higher dimensionless gas velocities produced a slugging regime in our
bed, which is not the focus of this thesis.
2.2. 2-D bubbling fluidized bed 9
Bed material
The bed material was glass spheres, ballotini particles, with diameters in the range
600 − 800µm and a density of 2, 500 kg/m3. This corresponds to type B according
to Geldart’s classification (Geldart, 1973). Figure 2.2 shows a photograph of the bed
material captured by an electronic microscope. The bulk density of the fixed bed was
measured to be 1, 560 kg/m3 according to UNE-CEN/TS 15103 EX, which corresponds
with a void fraction of the packed bed, εpacked = 0.38.
Figure 2.2: Photograph of the 2-D bed material captured by an electronic microscope.
Distributor
The air distributor was a perforated plate made of aluminum (0.5 × 0.01m2) with 2
lines of holes, each one consisting of 50 holes of 1mm diameter, d0, and spaced 10mm
apart, d1. The two lines were separated by a distance, s, of 3.3mm. Therefore, there
was an open area of 1.5 %. A schematic of the distributor is present in Figure 2.3.
do
s
d1
Figure 2.3: 2-D bed distributor scheme.
2.2.2 Measurement system
The measurement system is intended to characterize the motion of an object immersed
in the bed. The motion of the dense phase and the bubbles was also studied for
comparison. All those measurements were obtained using visualization and a set of
imaging techniques, digital image analysis and particle image velocimetry. Finally, the
bed performance was established by means of pressure probes.
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Four spotlights of 650W were used during the characterization of the bubbles and
dense phase to get a uniform illumination on the bed. The measurements of the object
motion, both position and velocity, were carried out in complete darkness, since the
object was coated with strontium aluminate to emit green light.
The bed performance was analyzed based on pressure measurements and visualiza-
tion techniques, a schematic of the measurement system can be observed in Figure 2.4.
Three piezo-electric pressure transducers (Kistler type 5015 ) were used to measure
pressure fluctuations at the plenum chamber, at 0.2 and 0.3m above the distributor.
Pressure fluctuations were measured through a 4mm internal diameter and 50mm
long steel tube connected to the piezo-electric pressure transducer. The signal from
the piezo-electric sensor was amplified by a Kistler amplifier. The response of this kind
of probe and transducer is in good agreement with the model of Bergh and Tijdeman
(1965), as stated by van Ommen et al. (1999). This model predicts the first resonance
frequency to occur at 670Hz, which is far away from typical characteristic frequencies
in fluidized beds (in the 1 − 5Hz range). The sampling frequency was 200Hz and
12,032 samples per test were recorded. The amplifier acts as a high-pass filter with a
frequency of 0.16Hz, in order to obtain the pressure fluctuations relative to the local
average pressure. The signal was also low-pass filtered at the Nyquist frequency by
the amplifier. The pressure signals were analyzed in the time and in the frequency
domains to obtain the minimum fluidization velocity and the characteristic frequency
of the bed, respectively.
Figure 2.4: Schematic diagram of the measurement system for the 2-D facility.
Three different image acquisition systems were used during the experiments. A stan-
dard camera (Nikon D80 10.6 Mpx ) was used to obtain the average motion patterns of
the object and its velocity. The acquisition frequency was 1.6 fps for position measure-
ments (motion patterns) and 30 fps for velocity measurements. The dense phase and
bubble velocities were obtained using a high speed video camera (Redlake Motion pro
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X3 4 Gb) with an acquisition frequency of 125 fps. Dense phase and bubbles were dis-
criminated using a threshold of the grayscale map. Particle Image Velocimetry (PIV)
was employed to determine the dense phase velocity, using the MatLabr, MatPIV
1.6.1 (Sveen, 2004). Digital Image Analysis (DIA) and averaging techniques were also
performed using MatLabr, in order to characterize the bubbles in the bed.
2.2.3 Bed dynamics
Minimum fluidization velocity
The minimum fluidization velocity was determined by a linear regression of the stan-
dard deviation of the pressure signal, as proposed by Puncocha´r et al. (1985). They
found that the variation of the pressure signal in a bed was due to the existence of bub-
bles and the standard deviation of the signal was a linear function of the gas velocity,
as expressed in Equation 2.1.
σ = n+m · U (2.1)
The minimum fluidization velocity can be calculated as the velocity for which the
standard deviation of the pressure signal is equal to zero (i.e. there are no bubbles),
since the minimum bubbling velocity equals the minimum fluidization velocity for Gel-
dart B particles (Geldart, 1973).
Umf = − n
m
(2.2)
Figure 2.5 shows the standard deviation of the pressure signal for the pressure
transducer installed at 0.3m over the distributor as a function of the gas velocity.
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Figure 2.5: Standard deviation of the pressure signal measured at 0.3 m over the distributor (2-D
facility).
The linear regression of the standard deviation is also plotted, and the minimum
fluidization velocity obtained is 0.32m/s. The experiments carried out in this thesis
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with the 2-D facility were performed with gas velocities from 0.48 to 0.96m/s, giving
dimensionless velocities ranging from 1.5 to 3.
Characteristic frequency of the bed
The characteristic frequency of the fluidized bed was determined by a frequency do-
main analysis for a dimensionless gas velocity, U/Umf , of 2.5. Figure 2.6 shows the
power spectra using the Welch (1967) method, with all sub-spectra based on 4,096
samples. Considering the sampling frequency, 200Hz, the power spectra have a fre-
quency resolution of 0.049Hz, which is a common and accepted value (Johnsson et al.,
2000).
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Figure 2.6: Power spectra obtained for U/Umf = 2.5.
The characteristic frequency obtained from the power spectra was 1.51Hz, which
is in the range of typical frequencies for fluidized beds (1− 5Hz).
Distributor pressure drop
According to Karri and Werther (2003) and Kunii and Levenspiel (1991) the pressure
drop along the distributor, ∆Pdist, should be larger than 30 % the pressure drop along
the bed, ∆Pbed, for a proper velocity distribution. This value guarantees the equal
distribution of gas through parallel paths even if unsteady pressure fluctuations appear
inside the bed. This was ensured for all experiments in this thesis.
The pressure drop along the bed is
∆Pbed = (1− ε) · ρp · g · hb (2.3)
where ∆Pbed is the pressure drop along the bed, ε the bed void fraction, ρp the
dense phase particles density, g the gravity, and hb the bed height.
Figure 2.7 shows the parabolic fitting of the experimental pressure drop through the
distributor versus the dimensionless gas velocity, U/Umf . The 30 % of the bed pressure
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drop, determined for a bed aspect ratio of 1, is also plotted in the figure. Dimensionless
gas velocities during the experiments in the 2-D facility ranged from 1.5 to 3.
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Figure 2.7: Pressure drop through the distributor (2-D facility).
2.3 3-D bubbling fluidized bed
2.3.1 3-D facility
The experimental setup consists on a lab-scale cylindrical BFB, equipped with an
electrical motor in order to produce a rotation of the distributor. The cylindrical
vessel of the bed is a transparent tube with an inner diameter of 0.192m, D, and
1m in height, H3D. The fixed bed height, hb, was varied throughout the experiments
between 0.25D and 0.75D, being 0.5D the nominal case. Figure 2.8 shows a schematic
diagram of the 3-D facility.
Plenum chamber
Cylindrical vessel Bed
Air inlets
Distributor
Electrical motor
Figure 2.8: Schematic diagram of the 3-D facility.
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Bed material
Silica particles, classified as Group B according to Geldart’s classification (Geldart,
1973), were used as bed material. The particle density was determined by a pyc-
nometer, giving an averaged density of 2, 632.5 kg/m3 and a standard deviation of
2.5 kg/m3. A photograph of the particles captured by an electronic microscope is
shown in Figure 2.9. The bulk density of the fixed bed was also measured according
to UNE-CEN/TS 15103 EX, giving a value of 1, 630 kg/m3, which corresponds with a
void fraction of the packed bed, εpacked = 0.38.
Figure 2.9: Photograph of the 3-D bed material captured by an electronic microscope.
The particle size distribution of the bed material was measured, according to UNE-
EN 933-1, for a dry sample of 2 kg that was poured over a sieving column consisting
on 8 sieves, with apertures of 1000, 850, 600, 425, 250, 180, 106, and 53µm. The
mass of sample retained in each sieve was weighted, after a time period of mechanical
vibration large enough to guarantee steady conditions, and the percentage in each
sieve was calculated. Figure 2.10 shows the cumulative particle size distribution, such
a distribution has a mean diameter of 637µm.
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Figure 2.10: Particle size distribution of the 3-D bed material.
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Distributor
Generally speaking, the fluidized bed gas distributor is intended to: i) support the bed
material weight during non-operational periods, ii) avoid weepage of solids into the
plenum, iii) operate for long periods providing uniform and homogeneous fluidization
across the whole bed, and iv) minimize de-fluidized zones (dead zones) above the plate.
There are several kinds of distributors, such as perforated plates, porous plates,
bubble caps and nozzles, spargers, conical grids, and pierced sheet grids among others.
In our case, a perforated plate was selected since they are the most common distributor
used in industry due to simple fabrication, capability of modification, durability, and
price. Perforated plate distributors have some drawbacks such as weepage of bed
material to the plenum, possible heterogeneous fluidization, existence of dead zones
between holes, and requirement of sealing in the distributor-vessel link. All these
drawbacks should be minimized during the design process of the distributor.
Weepage of bed material into the plenum was avoided by adding a grid, with 200µm
in aperture and 30 % open area, just under the perforated plate. The grid aperture
was smaller than 99.9 % of the particles that conformed the bed, so weepage to the
plenum was prevented. The sealing was carried out by a velvet joint placed between
the perforated plate and the flanges, which also reduced the friction between the plate
and the flanges, allowing it to rotate. Figure 2.11 shows a scheme of the arrangement.
Grid
Velvet join
Rotating axle
Vessel
Plenum
Flanges
Perforated plate
Figure 2.11: 3-D bed distributor scheme.
As far as the dead zones over the distributor are concerned, the number of holes of
the perforated plate should be as greater as possible in order to reduce the pitch, Lh
(distance between adjacent holes). On the other hand, taking into account the necessity
of a homogeneous fluidization, the distributor must provide a pressure drop high enough
to guarantee equal resistances through parallel paths inside the bed, thus the number
of holes should be low enough from this point of view. Therefore, a compromise
between the dead zones and the homogeneous fluidization problems should be reached
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to determine the number of holes of the plate.
An analytical model was developed to characterize the total pressure drop along
the distributor, i.e. the combination of the grid and the perforated plate effects, as
a function of the number of holes. The selected plate was 6mm in thickness, td, to
provide a high rigidity. A certain number of 2mm internal diameter holes, dh, would
be drill in a triangular mesh, as can be seen in Figure 2.12. Therefore, the pitch can
be calculated as a function of the number of holes by Equation 2.4.
Figure 2.12: Triangular mesh of holes of the perforated plate.
Lh =
1
Nh · sin(60) (2.4)
As stated in section 2.2.3 the pressure drop along the distributor should be larger
than 30 % the pressure drop along the bed, ∆Pbed (Equation 2.3), for a proper velocity
distribution. The number of holes was selected as the maximum value that fulfilled the
pressure drop criterion, in order to reduce the dead zones over the distributor while
minimizing the power consumption.
The perforated plate and the grid pressure drops were estimated separately. A
discharge coefficient is usually employed to determine the pressure drop produced by
a perforated plate, as shown in Equation 2.5.
∆Pplate =
ρg
CD
· u
2
h
2
(2.5)
Most authors estimate this coefficient value to be 0.6 (Kunii and Levenspiel, 1991),
a typical value for a sharp-edge orifice. Nevertheless, perforated plates are not usually
sharp-edged and, therefore, greater values are expected. A better evaluation of the
parameter can be found in Karri and Werther (2003). Here the discharge coefficient is
calculated depending on the plate thickness, td, the holes diameter, dh, and the pitch,
Lh. Using Figure 2.13 a thickness-diameter ratio of 3 gives a value of the parameter
τ ∗ of 0.99, so the discharge coefficient can be calculated from Equation 2.6.
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CD = τ
∗ ·
(
dh
Lh
)0.1
(2.6)
Figure 2.13: Discharge coefficient of the perforated plate (adapted from Karri and Werther (2003)).
The gas pressure drop through the grid was determined according to Fried and
Idelchick (1989). Equation 2.7 shows a correlation for the grid pressure drop as a
function of the grid open area, fgrid, which is valid for a Reynolds number greater than
103.
∆Pgrid
ρg · u
2
h
2
= τgrid = 1.3 · (1− fgrid) +
(
1
fgrid
− 1
)
(2.7)
The analytical estimate of the pressure drop was related to the gas velocity into
the holes so far, nevertheless it can be corrected to the gas superficial velocity in the
bed by the bed-holes area ratio square, as reported in Equation 2.8
∆Pbed = ∆Pplate+∆Pgrid =
1
CD
·
(
Abed
Nh · Ah
)2
·ρg · U
2
2
+τgrid·
(
Abed
Nh · Ah
)2
·ρg · U
2
2
(2.8)
Figure 2.14 illustrates the potential (inverse) dependence of the distributor pressure
drop on the perforated plate number of holes, considering a dimensionless gas velocity
of 1.5. The 30 % of the bed pressure drop is also plotted in the figure, for a bed aspect
ratio, hb/D, of 0.5.
The analytical model predicts the distributor pressure drop to be lower than the
30 % of the bed pressure drop around 275 holes. Therefore, 275 holes were selected to
fulfil the pressure drop criteria with minimum power consumption, giving around 9,500
holes per square meter and a triangular mesh pitch of 11mm. The open area of the
18 Chapter 2. Experimental Setup
100 200 300 4000
2000
4000
6000
8000
Number of holes, Nh [−]
Pr
es
su
re
 d
ro
p 
[P
a]
 
 
Distributor pressure drop
30% of bed pressure drop
Figure 2.14: Variation of the distributor pressure drop with the number of holes.
distributor is around 3 %. With such a number of holes per square meter, the bubble
sizes are virtually the same as those from a porous plate just a few centimeters above
the distributor (Geldart and Baeyens, 1985).
Baeyens (1973) studied the influence of bubbles on the particles motion and con-
cluded that for particles to move over the entire perforated plate (reducing dead zones)
the condition given at Equation 2.9 must be fulfilled.
Lh < λ · db0 (2.9)
where λ is a function of the particle mobility (for a conservative design λ is fixed to 1
for Geldart B and D solids (Geldart, 1973)), and db0 is the initial bubble size produced
at the distributor, which can be calculated from Equation 2.10 (Davidson and Schu¨ller,
1960), resulting in 15.3mm for the design superficial gas velocity (1.5Umf ). Therefore,
with a pitch of 11mm the condition of Equation 2.9 is fulfilled and dead zones over
the distributor are reduced.
db0 = 1.3 ·
(
U2
g ·N2h
)0.2
(2.10)
More recently, Rees et al. (2006) presented a new criteria related to the jet diameter,
which they calculate using magnetic resonance. Following their study and correlations,
in our case the pitch should be of around 8mm (with a small variation for the different
experimental conditions) to minimize the dead zones. This result is in fair agreement
with our selection, which follows the standard procedure. Therefore, the distributor
was finally constructed using the results of the first analysis which is well-established.
Perforated plate distributors produce gas jets coming from the holes during its
operation. The gas jets influence zone over the distributor must be determined to
prevent placing pressure probes in this zone, in order to avoid the effect of jets in the
pressure signal. There are several correlations for the jet length in the literature, but
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for systems in which there is no secondary gas supply, i.e. all the gas enters the bed
through the perforated plate holes, the correlation proposed by Merry (1975) shown in
Equation 2.11 is well-established, presenting reasonable agreement with experimental
data.
LJ
dh
= 5.2 ·
(
ρg · dh
ρp · dp
)0.3
·
[
1.3 ·
(
uh
g · dh
)0.2
− 1
]
(2.11)
The jet length predicted by Equation 2.11 is plotted in Figure 2.15 for a wide range
of superficial gas velocities, corresponding from 0 to 3 times the minimum fluidization
velocity. The jet length increases with the superficial gas velocity, never reaching 15mm
in the velocity range analyzed. Therefore, 30mm (two times the maximum jet length)
over the distributor was considered a proper security zone to avoid the jet influence,
and no pressure probes were located there.
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Figure 2.15: Jet length predicted by Equation 2.11.
2.3.2 Measurement system
Two different measurement techniques were applied to the 3-D fluidized bed. Visual-
ization techniques were used to capture the surface of the bed. On the other hand,
pressure probes were connected to the plenum chamber and in the bed at 0.2 and 0.3m
above the distributor. Figure 2.16 shows a schematic diagram of the experimental setup
with the main components.
The pressure analyzers and the signal postprocessing were those already mentioned
for the 2-D facility, section 2.2.2.
During all the tests, the surface of the bed was video recorded with a recording
speed of 30 fps. The resolution of the camera was 480 × 640 pixels. The videos were
post-processed using Matlabr. Both the object positions while at the freeboard and
the time periods of disappearance from it (the circulation time for the sinking-rising
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Figure 2.16: Schematic diagram of the measurement system for the 3-D facility.
global cycle) were obtained from the videos.
2.3.3 Bed dynamics
Minimum fluidization velocity
The minimum fluidization velocity was determined from the standard deviation of the
pressure signal according to Puncocha´r et al. (1985) as stated in section 2.2.3.
Figure 2.17 shows the standard deviation of the pressure signal as a function of the
air velocity, operating with both the static and the rotating distributor. The linear
regression of the standard deviation is also plotted in the graph for both configurations.
0 0.2 0.4 0.6 0.80
100
200
300
400
500
600
Superficial gas velocity [m/s]
St
an
da
rd
 d
ev
ia
tio
n 
[P
a]
 
 
Static distributor
Rotating distributor
Linear regression
Figure 2.17: Standard deviation of the pressure signal measured at 0.3m over the distributor (3-D
facility).
The minimum fluidization velocity was 0.31m/s for the rotating distributor bed and
0.33m/s for the static one, thus the minimum fluidization velocity slightly decreases
with the rotation, a result previously stated by Sobrino et al. (2008).
Characteristic frequency of the bed
The characteristic frequency of the 3-D bed was determined by a similar analysis than
that employed for the 2-D bed in section 2.2.3. Figure 2.18 shows the power spectra
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obtained operating a bed with an aspect ratio, hb/D, of 0.5 and a dimensionless gas
velocity, U/Umf , of 1.44
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Figure 2.18: Power spectra, operating with the rotating and static distributor. (U/Umf = 1.44,
hb/D = 0.5).
The power spectra show that the fluidized bed characteristic frequency, 3.61Hz, is
not affected by the rotating distributor, but the signal energy is almost doubled when
the distributor rotates.
Distributor pressure drop
Once the number of holes of the distributor was selected and the distributor was made,
the gas pressure drop through the distributor was experimentally determined by mea-
suring the pressure at the plenum for various superficial gas velocities. Figure 2.19
illustrates the results in comparison with the analytical estimate and with the design
criterion level. The analytical estimate was plotted for superficial gas velocities greater
than 0.23m/s to obtain a Reynolds number based on the hole larger than 103, which
is the necessary condition to apply Equation 2.7. The model prediction adjusts to the
experimental data rather accurately for low superficial gas velocities, nevertheless when
operating with high superficial gas velocities the experimental pressure drop increases
faster than the analytical estimate, thus the pressure drop design criterion is fulfilled for
lower gas velocities, producing a more homogeneous fluidization at the cost of higher
power consumption. This difference between experimental and analytical data may be
due to the fact that gas friction with the holes wall is significant for high gas velocities
and was not considered for the estimate.
During the experiments carried out in the 3-D facility the dimensionless gas velocity,
U/Umf , were in the range 1.25− 1.75.
The pressure drop was also measured when the distributor was rotating. Figure 2.20
reports that the rotation of the distributor has no effect on the gas pressure drop, since
the differences between the static and the rotating distributor were always below 4 %.
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Figure 2.19: Comparison between the analytical estimate of the pressure drop and the experimental
data.
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Figure 2.20: Effect of the distributor rotation on the pressure drop.
2.4 Notation
Abed Area of the bed, [m
2]
Ah Area of holes of the distributor, [m
2]
CD Discharge coefficient of the perforated plate orifice, [−]
D 3-D bed diameter, [m]
db0 Initial bubble size, [m]
dh Diameter of the holes of the distributor of the 3-D bed, [m]
dp Dense phase particles diameter, [m]
d0 Diameter of the holes of the distributor of the 2-D bed, [m]
d1 Separation between consecutive holes of the distributor of the 2-D bed, [m]
2.4. Notation 23
fgrid Grid open area, [−]
g Gravity, [m/s2]
hb Fixed bed height, [m]
H2D 2-D bed vessel height, [m]
H3D 3-D bed vessel height, [m]
Lh Pitch of the 3-D bed distributor, [m]
LJ Jet length, [m]
m Constant, [kg/(m2s)]
n Constant, [Pa]
Nh Number of holes of the distributor of the 3-D bed, [−]
s Separation between the two lines of holes of the distributor of the 2-D bed, [m]
T 2-D bed thickness, [m]
td Thickness of the distributor of the 3-D bed, [m]
U Superficial gas velocity, [m/s]
uh Gas velocity inside the holes of the distributor, [m/s]
Umf Minimum fluidization velocity, [m/s]
W 2-D bed width, [m]
∆Pbed Bed pressure drop, [Pa]
∆Pdist Distributor pressure drop, [Pa]
∆Pplate Perforated plate pressure drop, [Pa]
∆Pgrid Grid pressure drop, [Pa]
ε Void fraction of the bed, [−]
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εpacked Void fraction of the packed bed, [−]
λ Constant, [−]
ρg Gas density, [kg/m
3]
ρp Density of the dense phase particle, [kg/m
3]
σ Standard deviation of the pressure signal, [Pa]
τ ∗ Dimensionless parameter to calculate the discharge coefficient, [−]
τgrid Dimensionless pressure drop along the grid, [−]
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3.1 Abstract
The motion of a large object in a bubbling fluidized bed was experimentally studied
using Digital Image Analysis (DIA). The experiments were performed in a 2-D bubbling
fluidized bed with glass spheres as bed material. The object motion was measured using
non-intrusive tracking techniques, while independent measurements of the dense phase
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velocity (using Particle Image Velocimetry, PIV) and bubble velocity (using DIA) were
carried out. The effect of the dimensionless gas velocity on the object motion was also
analyzed.
In this Chapter the circulation patterns of an object with a density similar to that
of the bed but much larger in size is characterized. Object size and density remained
constant throughout the experiments. A comparison between the motion of sinking
objects and the motion of the dense phase provided evidence of the feeble effect of
buoyant forces on the motion of sinking objects. In contrast, the motion of rising
objects is linked to the motion of bubbles. It was found that objects may be raised
to the surface of the bed either by the action of a single bubble (one-jump) or by
several passing bubbles (multiple-jumps). Based on these results, the circulation time
of the object throughout the bed is a function of two parameters; the maximum depth
attained by an object and the number of jumps during its rising path. This relationship
is presented along and the multiple-jumps phenomenon is studied in detail. Finally,
an estimate of the circulation time of an object based on semi-empirical expressions is
presented for different dimensionless gas velocities. The probability density function
of the circulation time shows two different modes as the object was less prone to be
raised at moderate depths. The estimate of the circulation time was found to be in
good agreement with our experimental data.
3.2 Introduction
Bubbling Fluidized Beds (BFB) are widely used in industry, from pharmaceutical to
energy conversion systems; they are well-suited for processes involving heat and mass
transfer as well as chemical reactions. Examples include drying processes, thermal
conversion of solid fuels, and coating of particles. A wide range of these applications
involves the motion of large objects within the bed. Examples of objects commonly used
in a BFB include fuel particles, catalysts, reactants, and agglomerates; these objects
will sink with the dense phase and rise in (or in a trail of) the bubbles. Buoyancy effects
may play a significant role in the motion of objects in BFB, depending on the density
ratio between the object and the bed. Object motion patterns and their ability to
move throughout the bed or stay in a restricted zone has a paramount effect on several
factors, including the performance of the reactor, the reaction time, the existence of
hot or cold spots, and the behavior of agglomerates.
Several studies have focused on the motion of an object within a BFB, and most of
these studies are based on experimental analysis, including experiments in 2-D and 3-D
beds and using different measurement techniques. Attending the object characteristics,
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the studies can be divided into two categories: those where the object had a similar
density and size to the bed material, as well as those where the object was larger. The
former were intended to characterize the motion of the dense phase, while the latter
provided information of the motion of a fuel, catalyst or agglomerate particle. Several
studies have investigated the motion of tracing particles that follow the dense phase
using tracking and non-tracking techniques. Tomography-tracking techniques that are
employed to characterize the motion of objects in 3-D beds include positron emission
(Stein et al., 2000), X-ray (Grassler and Wirth, 2000), and electrical capacitance (Du
et al., 2002) methods, while optical techniques (Shen et al., 2004; Bokkers et al., 2004)
are used in 2-D beds. The motion of objects in fluidized beds has also been analyzed
using non-tracking techniques (collecting data of the motion at a particular position in
the bed), such as Laser Doppler Anemometry (Ibsen et al., 2002).
The first studies with regard to the motion of large objects were reviewed by Kunii
and Levenspiel (1991). Rios et al. (1986) studied the motion of large objects in 2-D and
3-D beds and discussed the sinking and rising processes. They observed that an object
was not always raised to the surface of the bed by a single bubble but was rather lifted
small distances by a succession of passing bubbles, rising in a series of small jumps.
Pallare`s and Johnsson (2006) analyzed the motion of a phosphorescent particle in a 2-D
bed for several configurations and observed that a characteristic 2-vortex configuration
appears in most cases, with the exception of those where the bed was extremely shallow.
In a 2-vortex configuration, an object with a similar density to the dense phase sinks
at the side of the bed and rises at the center. Several authors have studied the sinking
process. Lim and Agarwal (1994) found that the sinking velocity of a large object in
a 2-D bed was in good agreement with the Kunii and Levenspiel (1991) correlation
for the velocity of the dense phase for density ratios around 1. However, Tanimoto et
al. (1981) and Hoffmann et al. (1993) showed that for large density ratios, a relative
motion between an object and the dense phase existed and was linear with density.
Nguyen and Grace (1978) and Rees et al. (2005) stated that the net buoyant force on
an object in a fluidized bed might differ from what would be expected based on its
density due to a de-fluidized hood of bed material that appears on top of the object.
The rising velocity is related to the bubble velocity in a complex way. Complicating
factors include the multiple jumps effect observed by Rios et al. (1986) and the relative
motion between bubble and object, which are far more important than those between
object and dense phase in the sinking process. The experimental works of Nienow
et al. (1978) , Lim and Agarwal (1994), and more recently Rees et al. (2005) showed
different results for the mean rising velocity, which is roughly between 10% and 30%
of the mean bubble velocity along the bed.
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There is a continued need to investigate the fundamentals of the motion of an object
immersed in a fluidized bed, including the study of the limits of proper circulation,
the description of the circulation patterns and preferential paths, the evaluation of
the circulation time, and the study of the incidence of buoyant forces. This work
evaluates the motion of a large object in a 0.5×0.5m2 2-D fluidized bed with a similar
density to that of the bed. The object size and density remained constant during each
experiment. The general patterns are presented and object sinking and rising velocities
are determined. The focus of this Chapter is to characterize the cycles described by
the object, sinking from the surface of the bed and rising back to this point. The
circulation time, which is the time spent by the object in a cycle, was measured, and
its dependence on the number of jumps needed and the maximum depth attained was
analyzed. The effect of the dimensionless gas velocity on the circulation time of the
object was also analyzed. Finally, a simple estimate of the circulation time of the
object based on semi-empirical expressions was made.
3.3 Experimental Setup
The experiments were carried out in a 2-D column with a width, W , of 50 cm, a height,
H2D, of 2m, and a thickness, T , of 1 cm. The column was made of aluminum with a
glass front wall to allow optical access. The bed material was glass spheres, ballotini
particles, with a diameter of 600 − 800µm and a skeletal density of 2, 500 kg/m3,
type B according to Geldart’s classification (Geldart, 1973). The bulk density of the
fixed bed was measured to be 1, 560 kg/m3. Three piezo-electric pressure transducers
(Kistler type 5015 ) were used to measure pressure fluctuations in the bed at the plenum
chamber, at 20 and 30 cm above the distributor. The pressure signals were analyzed
in the time and in the frequency domains to obtain the minimum fluidization velocity
(Umf , 0.32m/s) and the characteristic frequency of the bed (fB, 1.51Hz), respectively.
The fixed bed height, hb, was 50 cm, which is high enough to guarantee the existence
of a preferential path of bubbles, operating in a 2-vortex configuration according to
Pallare`s and Johnsson (2006) nomenclature. The dimensionless gas velocity U/Umf
was varied between 1.5 and 3 (2.5 being the nominal case), corresponding to a bubbling
fluidization regime and reaching gas velocities similar to that employed in industrial
applications (Koornneef et al., 2007). Higher dimensionless gas velocities produced a
slugging regime, which is not the focus of this PhD thesis. A schematic diagram of the
experimental facility is presented in Figure 3.1.
The air distributor, described in section 2.2.1, produced a pressure drop high enough
(∆Pdist > 0.3·∆Pbed) to ensure that the bed and the air supply system were independent
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Figure 3.1: Scheme of the experimental facilityEEEE.
(Karri and Werther, 2003; Johnsson et al., 2000). Some industrial devices may operate
with a smaller pressure drop in the distributor and this may alter the motion of objects
within the bed. A typical drawback in such cases is the incidence of de-fluidized zones.
Then the motion of the object should be studied in two cases, depending on whether
it reaches a de-fluidized zone or not. In our work, this fact was not considered.
The object was a cylindrical biomass pellet with a density of 1, 508 kg/m3, a diam-
eter of 6.4mm, and a length of 19.2mm. Therefore, the object-fixed bed density ratio
was 0.97, and the object-bed material characteristic length ratio was approximately 9.
The object density was selected in order to reduce the effect of buoyant forces. The
effect of buoyant forces will be the focus of Chapter 4. Three different acquisition sys-
tems were used during the experiments. A standard camera (Nikon D80 10.6 Mpx ) was
used to obtain the average motion patterns of the object and its velocity. The acquisi-
tion frequency was 1.6 fps for position measurements (motion patterns) and 30 fps for
velocity measurements. The dense phase and bubble characterizations were obtained
using a high speed video camera (Redlake Motion pro X3 4 Gb) with an acquisition
frequency of 125 fps. Average measurements of the object position and velocity and
dense phase velocities were obtained. Dense phase and bubbles were discriminated
using a threshold of the grayscale map. For the PIV measurements of the dense phase
velocity, the MatLabrMatPIV 1.6.1 was used (Sveen, 2004). Digital Image Analysis
and averaging techniques were also performed using MatLabr. The measurements
of object motion (both position and velocity) were carried out in complete darkness.
The object was coated with strontium aluminate to emit green light. Averaged object
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position maps were obtained from 16,000 images, representing 10,000 seconds of BFB
activity. For object velocity, 21,600 images were recorded, representing 720 seconds.
Four spotlights of 650W were used during the characterization of the bubbles and
dense phase to get a uniform illumination on the bed; the rear wall of the bed was
covered by a black paper to obtain a high contrast between dense phase (white) and
bubbles (black). Bubble and dense phase velocities were determined by averaging 9,810
images, which represent 78 seconds of the BFB activity. This measurement time (78
seconds), although rather small, has proved to give reproducible results.
At the end of the chapter, the object is also tested in the 3-D facility using the
same ballotini particles as bed material, giving in this case a minimum fluidization
velocity of 0.25m/s. The bed aspect ratio was 1, just the same than for the 2-D bed.
The surface of the bed was video recorded for 20 minutes at 30 fps, and the images
were post-processed using Matlabr, in order to obtain the position of the object on
the surface of the bed and the circulation time, defined as the time interval between
consecutive appearances of the object at the surface.
3.4 Results
As explained in section 3.2, it is generally accepted that objects with densities similar
to that of the bed will describe sinking-rising cycles throughout the whole bed, where
the sinking motion is similar to that of the dense phase, and the rising motion is
composed of a number of sudden jumps, as a result of the raising effect of passing
bubbles. Experimental results in this section include the characterization of the dense
phase and bubble motion, the averaged motion patterns of objects, and the study of
object average sinking and rising velocities.
3.4.1 Dense phase and bubbles
Two different post-processing techniques, Particle Image Velocimetry (PIV) and Dig-
ital Image Analysis (DIA), were applied to characterize the dense phase and bubbles
behavior throughout the bed. DIA was applied to establish the boundaries between
the dense phase and the bubble phase. The analysis was based on the calculation and
application of a threshold level over each image (Otsu, 1979). Using this technique,
the two phases (dense phase and bubble phase) were clearly identified. Furthermore,
different bubble properties could be calculated, such as the equivalent diameter and
the mass center of the bubble. MatPIV 1.6.1 (Sveen, 2004) was employed to calculate
PIV in the bed. Several authors have used this application on 2-D fluidized beds to
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calculate and analyze dense phase velocities (Mu¨ller et al., 2007; Almendros-Iba´n˜ez et
al., 2009) and their fluctuations (Sanchez-Delgado et al., 2010). Interrogation windows
of 16 × 16 pixels with a 50% overlap were used in the PIV analyses. The application
of the threshold level to the grayscale image converts it into a binary image where the
pixels occupied by bubbles have a value of C = 0, while the pixels occupied by dense
phase have a value C = 1. Thus, the relative frequency that a point is occupied by the
dense phase, C, can be calculated as follows:
C(i, j) =
1
NP
NP∑
n=1
Cn(i, j) (3.1)
where Cn is the instantaneous concentration once the threshold is applied (1 represents
the dense phase and 0 represents the bubble phase), NP is the total number of images,
and i and j represent the pixel x-position and y-position, respectively.
The regions where C(i, j) reaches higher values, close to one, represent a lower
relative frequency of bubbles, and the regions with lower values of C(i, j) represent
the preferential bubble paths. Figure 3.2(a) shows the relative frequency of the dense
phase at each location of the bed, C(x, y). In the lower zone of the bed, close to the
distributor, the relative frequency is almost uniform, so bubbles are equally distributed
through the width of the bed in this zone. Then, two symmetrical preferential bubble
paths are formed and develop from the distributor corners to the center of the bed.
Further away from the distributor, the dense phase is more concentrated at the sides
of the bed, while bubbles appear at the middle due to coalescence.
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Figure 3.2: (a) Relative frequency of dense phase and (b) time-averaged dense phase velocity.
The time-averaged dense phase velocity field (Figure 3.2(b)) was calculated by
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averaging the instantaneous velocities obtained by PIV, as described in Laverman et
al. (2008). The dense phase transport phenomena induced by bubbles during the rising
motion (Rowe, 1973; Sanchez-Delgado et al., 2010) is described in Figure 3.2(b). The
dense phase was found to descend at the sides of the bed while the ascending motion
was located in the middle, corresponding to the bubbles’ preferential path. Note that
there was a triangular region of low velocities in the bottom zone, where small bubbles
with no distinct preferential paths were present.
3.4.2 Object motion pattern
Previous studies (Lim and Agarwal, 1994) showed that objects that differ in size com-
pared to the bed material circulate throughout the whole bed for a wide range of object
densities around that of the fluidized bed. In contrast, much denser objects (jetsam)
fall straight to the bottom and remain there, while much lighter objects (flotsam) are
permanently kept near the surface of the bed. In this sense, a direct measurement of the
relative frequency of the object presence at each position is important to characterize
the object circulation.
The 16,000 images showing the object emitting a green light were transformed into
black and white images applying a threshold. In these images, the center of mass of the
object was determined, and the relative frequency of objects at certain positions of the
bed was calculated, dividing it in 280 cells of 5× 5 cm2. The relative frequency at each
cell was calculated as the number of times that the center of mass of the object was
present at that cell divided by the total number of images. Therefore, in zones where
objects move with a lower velocity, a higher relative frequency will result. Figure 3.3
shows the relative frequency of objects at each position of the bed.
A comparison between Figure 3.2 and Figure 3.3 shows a similar behavior for both
the object and the dense phase. An interesting difference is found at the central bottom
zone, where objects seldom access. For a clearer understanding of object paths, a
distinction between rising and sinking paths can be made in the calculations. Figure 3.4
shows the relative frequency of rising and sinking objects as a function of bed width,
considering the entire height of the bed.
The preferential paths for the sinking and rising motions are evident in Figure 3.4.
The objects rise at the center of the bed by the action of bubbles and sink at the sides
following the dense phase. This is in accordance with bubble patterns and preferential
paths in a 2-D BFB shown in Figure 3.2. This behavior is also in agreement with the
results of Pallare`s and Johnsson (2006).
The relative frequency of objects at each y-position (height above the distributor)
is of paramount importance to characterize object circulation since it is an indicator
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Figure 3.3: Relative frequency of objects at a certain position in the bed. Nominal case (U/Umf = 2.5).
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Figure 3.4: Relative frequency of a rising or a sinking object as a function of the x-coordinate of the
bed (width). Nominal case (U/Umf = 2.5).
of the capability of producing a homogeneous axial mixing. Figure 3.5(a) shows the
relative frequency to find the object at each height.
Figure 3.5(a) shows the distribution of the object in the upper 2/3 of the bed was
fairly homogeneous, while in the region near the distributor, at heights lower than
20 cm, objects were seldom present. This may be related to the inability of objects to
reach the central bottom region of the bed described earlier (comparing Figure 3.2(a)
and Figure 3.4).
To analyze the effect of the dimensionless gas velocity on object distribution through
the entire height of the bed, the relative frequency to find the object in the upper
part of the bed (higher than 30 cm, considering the fluidized bed average height to
be 60 cm, 1.2 times the fixed bed height) was calculated. This parameter would be
close to 50% for a homogeneous distribution of the object in the bed, close to 100%
for flotsam objects that keep near the surface of the bed, and close to 0% for jetsam
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Figure 3.5: (a) Relative frequency to find the object at a determined position as a function of the
y-coordinate (height from the distributor) for the nominal case (U/Umf = 2.5), and (b) effect of the
dimensionless gas velocity on the distribution of the object through the bed.
objects which are always deep in the bed and seldom appear on the freeboard. The
effect of the dimensionless gas velocity on this parameter is analyzed in Figure 3.5(b),
where the relative frequency to find the object in the upper half of the bed is plotted.
There is a linear relation of this parameter with the dimensionless gas velocity. For
a range of dimensionless gas velocities (2, 2.5, and 3), the distribution seems rather
homogeneous since the value of Fuz is near 50 %. An increase of the dimensionless gas
velocity diminishes the relative importance of buoyant forces due to the increase of the
fluidization intensity, a result stated previously by Otshitani et al. (2004). However,
for very low dimensionless gas velocities (U/Umf = 1.5), buoyancy effects become
important and the object was more probably found in the upper part of the bed
(Fuz ' 70 %).
3.4.3 Circulation time
The circulation time of an object is defined as the time interval between the instant
when an object sinks into the bed from its surface until it returns to the surface (object
cycle). This is one of the main parameters used to describe the motion of an object in
a fluidized bed. It can be compared to the characteristic time of a chemical reaction
when the object considered is a fuel or a catalyst (Gomez-Barea and Leckner, 2010).
Nevertheless, note that during the experiments the object remained consistent in both
size and density, and thus the results cannot be directly extended to processes where
the object shrinks or changes its density.
The circulation time of an object will depend directly on its velocity during the
cycle, so the mean object velocity was characterized during both the sinking and the
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rising paths. Object velocity was determined by the difference in its position in two
consecutive images divided by the time interval between images. In a first approxima-
tion, the mean rising and sinking velocities of an object can be determined averaging
the measured positive (upwards) and negative (downwards) velocities, respectively;
considering that all the positive velocities are grouped in the rising paths, and all the
negative velocities occur during the sinking paths. However, the motion of the object
is more complex and this simple procedure can lead to important miscalculations of
the mean ascending and descending velocities.
Direct observation showed that the motion of an object could be described as a
composition of several processes. There was a succession of jumps interleaved with
periods when the object was sinking. During each jump, the object rose in a monotonic
ascending manner as it was partially attached to an up-coming bubble (or in its trail).
The sinking process was more complex. It followed a step-like descending motion,
characterized by large downwards velocities that were maintained a fraction of a second
and separated by low velocity periods in which the object vibrated over a given position.
The word vibration is used since such a process added up to no net motion in any
direction. These three types of motion can be clearly observed in Figure 3.6, where
the actual trajectory and velocity of an object in a six seconds lapse is depicted.
Figure 3.6(a) shows an image of the bubbling fluidized bed with the object trajectory
superimposed. It consists of a sinking path (from A to B) and a rising path (from B
to C). The velocities of the object along its trajectory are plotted in Figure 3.6(b). As
stated, the object velocity was always positive (upwards) in the rising path, while the
sinking path was characterized by small periods (around 0.1 s), with a frequency of
around 2Hz, in Figure 3.6(b) where the object fell fast, with high negative velocities
(downwards), and periods of vibration, in which both negative and positive velocities
were present.
Therefore, the rising process can be characterized by the mean ascending velocity
inside a jump and the number of jumps, while the sinking process is quite more complex.
If we consider it as a whole (for example, from A to B in Figure 3.6(a)) we can calculate
a mean descending velocity defined as the distance between A and B divided by the time
spent by the object moving from one to the other. This mean velocity will characterize
the global sinking motion, even though the object seldom moved at such speed. In
contrast, the object moved in the step-like manner previously described, alternating
large velocities with periods of vibration in which small ascending and descending
velocities occurred.
The mechanisms by which such motion was produced are not evident. It is clear that
the source of any net movement is the bubble motion. This is evident enough during
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Figure 3.6: (a) Object path in the bed and (b) Object velocity during the path. Nominal case
(U/Umf = 2.5).
the object jumps. The large descending velocities in the step-like sinking processes
can also be associated with passing bubbles, which were raising dense phase from the
bottom and carrying it to the surface of the bed (i.e, carrying particles from below to
above the object). Concerning vibration, it can be related with pressure fluctuations
in the fluidized bed (also linked with the bubble motion), but further work is needed
to clarify this reasoning.
In view of these facts, a time-averaged velocity of an object during the sinking path
was calculated as a first step to obtain the circulation time. The position of an object
was sampled at different frequencies to determine its velocity. Considering the path
described by the object in Figure 3.6(a), we were interested in sampling the position
signal at such a frequency that only the object position between instants A and B were
considered. Thus, the averaged velocity would be the difference in position at these two
instants divided by the time spent by the object moving from A to B. Two complicating
factors appeared when doing this automatically: i) to accurately define point B, so no
information of the B-C path was used on the mean, and ii) to keep the positive or zero
velocities during vibration in the averaging process, since they were part of the sinking
process and neglecting them will increase artificially the mean value. The first factor
could be minimized by increasing the acquisition frequency, while the second could be
minimized by lowering it. Therefore, the sampling frequency had to be defined as a
compromise of this two competing factors. Figure 3.7 plots the mean sinking velocity
calculated for different sampling frequencies, averaging all of the downward velocities
in the bed. The mean sinking velocity greatly diminished when the sampling frequency
was reduced from 30 to 2−3Hz because vibration was being considered. This frequency
(2−3Hz) was almost the measured characteristic frequency of the bed (1.51Hz). The
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sampling of the signal at lower frequencies produced an exponential decay of the mean
sinking velocity due to the loss of a well-established point B. An extremely low sampling
frequency would produce the same effect as considering the object going directly from
A to C describing just a sinking path but for the total time required. As sampling
frequency continues diminishing, the mean sinking velocities would tend to zero. A
similar effect was observed for different dimensionless gas velocities. Therefore, the
mean sinking velocities were calculated in the following using a sampling frequency of
2Hz.
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Figure 3.7: Mean sinking velocity in the whole bed, sampling the velocity signal at different frequencies.
Results of the mean sinking and rising velocities of an object for three different
dimensionless gas velocities are presented in Figure 3.8. The mean sinking velocity is
similar to the Kunii and Levenspiel (1991) correlation for the dense phase downward
velocity (Equation 3.2), and it can thus be assumed that the object moves downward
with the dense phase, as stated previously in the literature. However, the mean rising
velocity represents roughly 20% of the mean velocity of bubbles, calculated with the
widely used correlation of Shen et al. (2004) for the bubble diameter (Equation 3.3) and
the correlation of Davidson and Harrison (1963) for the bubble velocity (Equation 3.4).
This corresponds well with previous experimental evidence presented in section 3.2,
although results are widely dispersed in the literature.
vdp =
fw · δ · UB
1− δ − fw · δ (3.2)
DB =
[(
8 · (23/4 − 1)
λ
)
· (U − Umf ) ·
(
h+
λ
pi · (23/4 − 1) ·
A0
T
)]2/3
· g−1/3 (3.3)
UB = U − Umf + φ
√
g ·DB (3.4)
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Figure 3.8: Mean sinking and rising velocities of an object compared with models for the dense phase
and bubbles velocities.
The experimental circulation times obtained for the object throughout the experi-
ments (more than 1,200 cycles) are shown in Figure 3.9(a) as a function of the maximum
depth attained by an object. It can be observed that the greater the depth, the larger
the time periods. The minima follow a linear trend that might be attributed to con-
stant sinking and rising velocities throughout the bed. However, there is considerable
scatter in the data. This is due to the incidence of multiple jumps during the rising
process associated with a series of passing bubbles that do not carry the object directly
to the surface of the bed. Figure 3.9(b) shows the same data arranged as a function
of the number of jumps needed to raise the object to the surface of the bed in each
cycle. Note that the scattered data for a low number of jumps (< 10 s) fits well with
the variation of the minima in the time versus depth graph, and thus, the effects of
the number of jumps and the attained depth seem to be cumulative. Of course, a high
number of jumps in the rising process are more prone to occur when a greater depth
is attained or vice versa. The dashed line, which roughly represents a minimum, was
determined by a linear regression of the minimum time for the more probable numbers
of jumps (from 1 to 5).
The effect of both parameters was studied in more detail. In Figure 3.10(a) the
relative frequency of an object attaining a determined depth is plotted (dividing the
bed in slices of 5 cm). This relative frequency was found to follow a parabolic law,
with minimum relative frequency at medium depths. This rather surprising result is
in accordance with the dense phase behavior, described in Figure 3.2(b). The object
sinks at the sides of the bed (see Figure 3.4), and once in such a zone, it is less prone
to move sideward to the preferred bubble path (the middle of the bed) than continuing
sinking, so the relative frequency to reach a greater depth is higher. Figure 3.10(b)
shows the relative frequency of a determined number of jumps that occurs in each
cycle. The graph illustrates an exponential decay of the relative frequency with the
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Figure 3.9: Circulation time of an object for the nominal case (U/Umf = 2.5), (a) as a function of the
cycle maximum attained depth, and (b) as a function of the number of jumps employed to reach the
surface of the bed.
number of jumps. It can be observed that the fitting slightly overestimates the relative
frequency to reach high depths and underestimates the relative frequency to find a
one-jump cycle.
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Figure 3.10: Relative frequency to (a) reach a determined maximum depth, and (b) find cycles with
a determined number of jumps. Nominal case (U/Umf = 2.5)
The graphs for the other dimensionless gas velocities that produce a proper cir-
culation of the object (U/Umf 2 and 3) showed similar results, and are therefore not
included here.
3.5 Discussion
An estimate of the circulation time of an object in a bubbling fluidized bed is important
when designing fluidized bed applications such as combustors, gasifiers, dryers, or
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coating reactors. During our experiments, the circulation time of an object was found
to depend mainly on the number of bubbles needed to raise it to the surface of the
bed (number of jumps) and the maximum depth attained by the object. Therefore, an
estimate of the circulation time for a determined number of jumps, N , and a maximum
attained depth, Dm, was made. The estimation, based on semi-empirical expressions,
consists of two different times: i) the time due to the number of jumps, tN , calculated
using the equation in Figure 3.9(b) and ii) the time due to the maximum attained
depth, tD, calculated assuming a constant velocity for the object. The mean velocities
are presented in Figure 3.8, both in the sinking, vs, and the rising, vr, path.
tN = 1.72 · (N − 1) (3.5a)
tD = Dm ·
(
1
vs
+
1
vr
)
(3.5b)
The total circulation time, t, can then be calculated as the sum of these two times:
t = 1.72 · (N − 1) +Dm ·
(
1
vs
+
1
vr
)
(3.6)
The distribution of relative frequencies of the circulation time can also be estimated
using the relative frequencies to find a determined number of jumps, FN , and to attain a
certain depth, FD, as shown in Figure 3.10. These relative frequencies were transformed
into functions of the circulation time using Equation 3.5:
FN(t) = 0.41 · e−0.34·t (3.7a)
FD(t) = 2.4 · 10−4 · t2 ·
(
1
vs
+
1
vr
)−2
− 1.4 · 10−2 · t ·
(
1
vs
+
1
vr
)−1
+ 0.26 (3.7b)
Finally, the relative frequencies were normalized into probability density functions:
PN(t) = 0.34 · e−0.34·t (3.8a)
PD(t) = 3.8 · 10−4 · t2 ·
(
1
vs
+
1
vr
)−2
− 2.2 · 10−2 · t ·
(
1
vs
+
1
vr
)−1
+ 0.41 (3.8b)
The functions described in Equation 3.8 are the probability density functions of two
independent times. The total time spent by the object in a cycle is the sum of these
times, as described in Equation 3.6. The probability density function for such a sum
is the convolution of the two functions:
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PT (t) = PN(t) ∗ PD(t) =
∫ +∞
0
PN(x) · PD(t− x) · dx (3.9)
The probability density function of the total circulation time of the object is plotted
in Figure 3.11 for the different dimensionless gas velocities. All of the distributions are
bi-modal due to the shape of FD (see Figure 3.10(a)) which presented a minimum
probability for the object to reach moderate depths. Nevertheless, the bi-modal shape
should not be considered a sound conclusion, since it was sharpened by errors in the
exponential fit of Figure 3.10(b). As stated previously, the actual probability for N = 1
is larger than that on the fit. Therefore, if a perfect fit had been used, the first peak
would have been larger and the second peak smaller. However, the present, simpler
procedure was used for clarity purposes. This procedure gives a proper idea of the
global distribution.
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Figure 3.11: Probability density function of the total circulation time of an object.
The reduction of the dimensionless gas velocity produces an increase in the cir-
culation time as a result of the reduction of both rising and sinking velocities of the
object. The rest of the parameters were constant. The probability density functions
fitted for the dimensionless gas velocity of 2.5 (Equation 3.8) were used to estimate
the circulation time of the object for the three different dimensionless gas velocities (2,
2.5, and 3).
Figure 3.12 shows a comparison of our estimate of the circulation time along with
the experimental data. The distribution of the experimental circulation times is plotted
in a box plot in Figure 3.12(a) for varying dimensionless gas velocities. In a box plot,
the distribution of the data is reduced to the median, the lower and upper quartiles
(representing 25% and 75% of the population), a confidence interval (defined by the
two experimental data that are further away from the quartiles but inside a maximum
interval of ±1.5 times the inter-quartile range), and outliers (that lie out of such a
confidence interval). It can be observed that the circulation time decreases with the
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dimensionless gas velocity due to the larger sinking and rising velocities of the object.
The box plot of the estimated circulation time is also plotted in Figure 3.12(b). The
cross in this diagram represents a circulation time with a probability of 0.1%, which is
roughly the occurrence probability of an outlier.
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Figure 3.12: Box plots of (a) the experimental circulation time and (b) the estimated circulation time.
The semi-empirical estimation was found to overestimate the lower times (mainly
the lower quartile). This overestimation was due to the underestimation of the proba-
bility of a single jump to occur in the fitting, as shown in Figure 3.10(b). The estima-
tion also presents a higher symmetry between the lower and the upper quartiles than
the experimental data, due to the overestimation of the probability to attain a high
depth (see Figure 3.10(a)). Nevertheless, it seems to predict accurately most of the
distribution for the three dimensionless gas velocities. Therefore, the semi-empirical
expressions used to estimate the circulation time can be said to be in good agreement
with the experimental data.
Finally, the object was tested in a 3-D lab-scale fluidized bed and the circulation
time was calculated. The semi-empirical expressions obtained in the 2-D bed was tried
to extend to the 3-D bed to estimate the circulation time of the object.
Figure 3.13 shows the experimental circulation time obtained in the 3-D bed for two
different gas velocities (U/Umf = 2 and 2.5) organized in a box plot. The experimental
data can be compared to the box plot of the estimate circulation time based on the 2-D
bed semi-empirical expressions. The circulation time decreased with the gas velocity,
since both the sinking and rising velocities of the object increases with this parameter.
Even though the experimental circulation times are slightly greater, the experimental
data and the estimate are in good agreement, since the difference between the most
representative values of the distributions, the median, are lower than 10 % for both
excess gas velocities.
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Figure 3.13: Experimental and estimate box plots for the circulation time of the object moving in the
3-D bed.
3.6 Conclusions
The motion of a large object within a 2-D bubbling fluidized bed was studied using
imaging techniques and considering the circulation patterns, the object sinking and
rising velocities, and the multiple-jumps behavior on the rising path. The effect of the
dimensionless gas velocity on the main parameters of the motion was also analyzed.
The object employed was larger than the dense phase with a similar density to
the bed, although slightly lower. The object circulated throughout the bed follow-
ing a typical 2-vortex configuration. Its spatial distribution was quite homogeneous
when operating with dimensionless gas velocities from 2 to 3, becoming rather non-
homogeneous for low dimensionless gas velocities (U/Umf = 1.5), for which buoyancy
effects became important.
The sinking and rising paths were identified, differentiated, and independently char-
acterized. The sinking path of the object was characterized by sudden falls with high
downwards velocities and vibrations in which both downwards and upwards velocities
were present. However, during the rising path (within a single jump), there were only
upwards velocities. A mean sinking and rising velocity of an object in the bed was
determined considering these facts. The sinking velocity was in accordance with the
well-known correlation of Kunii and Levenspiel, and thus the effect of buoyant forces
on the sinking motion of the object can be considered negligible. The rising velocity
was found to be roughly 20% of the bubbles velocity, a result consistent with previous
estimates.
The circulation time of an object depends on the maximum depth attained by the
object, and the number of jumps needed for the object to rise back to the surface of
the bed. The relation between the circulation time and these two parameters is almost
linear. These parameters were considered independent contributions to the circulation
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time, and their probability density functions were obtained. The probability of finding
cycles with a determined number of jumps has an inverse exponential relation to the
number of jumps, while the probability of attaining a determined depth was found to
be parabolic, with a minimum at moderate depths due to the tendency of an object
to sink deep before moving sideward to the preferential path of bubbles, typical of the
2-vortex configuration.
Semi-empirical expressions were proposed to estimate the circulation time of the
object and its probability distribution. The estimate relies on experimental data that
are considered independent of the dimensionless gas velocity (provided that the buoyant
forces are negligible) and on mean sinking and rising velocities of the object, that were
experimentally obtained for each dimensionless gas velocity, but are in good agreement
with widely used correlations. Even though our correlation overestimates the lower
times, it was found to accurately predict the majority of the experimental distribution.
Finally, the semi-empirical expressions obtained from the analyze of the object
motion within the 2-D facility was tried to extend to the motion of the object in a lab-
scale 3-D bed. The application of the semi-empirical expressions to the circulation time
of the object in the 3-D bed, was found to be in good agreement with the experimental
circulation times.
3.7 Notation
A0 Area of the distributor per number of orifices, [m
2]
C Relative frequency to find dense phase at a particular location in the bed, [−]
Dm Maximum depth attained by the object, [m]
DB Bubble diameter, [m]
fB Characteristic frequency of the bed, [Hz]
fw Bubble wake fraction, [−]
FD Relative frequency to attain a certain depth, [−]
FN Relative frequency of a certain number of jumps, [−]
FR Relative frequency, [−]
Fuz Relative frequency to find the object at the upper half of the bed, [−]
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g Gravity, [m/s2]
h Height measured from the distributor, [m]
hb Fixed bed height, [m]
H2D Vessel height, [m]
N Number of jumps needed for the object to rise to the surface of the bed, [−]
NP Total number of images employed in the study of dense phase and bubbles, [−]
PD Probability density function to attain a certain depth, [−]
PN Probability density function of the number of jumps, [−]
PT Probability density function of the circulation time, [−]
t Circulation time, [s]
tD Minimum circulation time related to the attained depth, [s]
tN Minimum circulation time related to the number of jump, [s]
T Bed thickness, [m]
U Superficial gas velocity, [m/s]
UB Bubble velocity, [m/s]
Umf Minimum fluidization velocity, [m/s]
vdp Downward velocity of the dense phase, [m/s]
vr Object mean rising velocity, [m/s]
vs Object mean sinking velocity, [m/s]
W Bed width, [m]
∆Pbed Bed pressure drop, [Pa]
∆Pdist Distributor pressure drop, [Pa]
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δ Bubble fraction in the bed, [−]
λ Constant determined experimentally, [−]
φ Constant determined experimentally, [−]
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Buoyancy effects on objects moving
in a 2-D Bubbling Fluidized Bed
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4.1 Abstract
The effect of buoyant forces on the motion of a large object immersed in a bubbling
fluidized bed (BFB) was experimentally studied using digital image analysis. The
experiments were performed in a 2-D bubbling fluidized bed with glass spheres as bed
material and cylindrical objects with different densities and sizes. The object motion
was measured using non-intrusive tracking techniques. The effect of gas velocity was
also analyzed.
The circulation of an object in a BFB is defined by several parameters. The object
might be able to circulate homogeneously throughout the bed or stay in preferred
regions, such as the splash zone or the bottom zone. While circulating, the object
moves back and forth between the surface of the bed and the inner regions, performing
51
52 Chapter 4. Buoyancy effects on the object in 2-D BFB
a series of cycles. Each cycle is composed by sinking and rising paths, which can be
one or several, depending on whether a passing bubble is able to lift the object to
the surface or the object is detached from it or its drift at an intermediate depth.
Therefore, the number of rising paths or number of jumps that the object undergo in
a cycle, interleaved with sinking paths, and the maximum attained depth characterize
each cycle, together with the mean sinking and rising object velocities. In this chapter,
experimental measurements of the probability distributions of the number of jumps and
the maximum attained depth, the axial homogeneity of object motion, and rising and
sinking object velocities are presented for objects with different sizes and densities. The
results show a coherent behavior, independent of density and size, for the probability
distributions of the number of jumps. This is also true for the maximum attained
depth, but only when a proper circulation throughout the bed is ensured. Such a
proper circulation and axial homogeneity is, on the other hand, much affected by object
density, size and gas velocity. Rising and sinking velocities are highly dependent on
gas velocity, as established in well-known models of bubble and dense phase velocities.
Nevertheless, rising velocities are practically unaffected by object density or size, while
sinking velocities show a low dependence on density and a steeper one on size. These
results suggest that buoyant forces are relevant during the sinking process, and almost
neutral during the rising path.
4.2 Introduction
Fluidized beds are employed in industry because of their excellent properties involving
heat and mass transfer, and their capability to establish and promote chemical reactions
inside them. Several processes can occur inside a fluidized bed, such as drying, thermal
conversion of solid fuels, and coating of particles. In parallel to the wide range of
applications, there is a wide range of scales concerning fluidized beds, from small dryers
to huge fluidized bed reactors. Most of these applications involve the motion of objects
inside the bed. Fuel particles, catalysts, and agglomerates are examples of typical
objects found inside a fluidized bed. It is necessary to characterize the motion of
these objects within the bed to prevent operational problems such as the existence
of hot or cold spots and the appearance of de-fluidized zones due to the existence of
agglomerates.
Different experimental techniques have been used to describe the motion of tracer
particles both in 2-D and 3-D beds. Concerning 3-D beds, tomography-tracking tech-
niques such as positron emission (Stein et al., 2000), X-ray (Grassler and Wirth, 2000),
and electrical capacitance (Du et al., 2002) methods are common. Nevertheless non-
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tracking techniques have also been employed to collect data of the motion at a particular
position in the bed (Ibsen et al., 2002). On the other hand, when analyzing objects
motion in a 2-D bed, visualization techniques (Shen et al., 2004; Bokkers et al., 2004)
have been employed.
Kunii and Levenspiel (1991) reviewed the first studies intended to characterize the
motion of large objects immersed in a fluidized bed. It is generally accepted that
objects sink in the bed with the dense phase and rise by the action of ascending
bubbles. The motion of large objects in both 2-D and 3-D beds was analyzed by Rios
et al. (1986), focusing on the sinking and rising processes. They reported that the
mean rising velocity of objects was lower than the velocity of bubbles due to the fact
that an object generally needs to be lifted by a number of passing bubbles to rise to the
freeboard, conforming a rising path composed of multiple jumps that they called jerks.
Pallare`s and Johnsson (2006) tracked a phosphorescent particle moving in a 2-D bed
for several configurations. In a 2-vortex configuration, a configuration found in most
cases with the exception of very shallow beds, they found a general tendency of objects
to sink at the sides of the bed and rise at the center, which is generally accepted.
Lim and Agarwal (1994) found that a neutrally-buoyant object circulated in a 2-D
bed throughout the whole bed, with a sinking velocity which was in good agreement
with the Kunii and Levenspiel (1991) correlation for the velocity of the dense phase.
The mean rising velocity of the object and its relation with the bubbles velocity is far
more complicated, due to the multiple-jump behavior observed by Rios et al. (1986).
Nonetheless, the experimental works of Nienow et al. (1978), Lim and Agarwal (1994),
and Rees et al. (2005) define a rough estimate that varies between authors and sets
the mean rising velocity of objects between 10 % and 30 % of the mean bubble velocity
along the bed.
The effect of buoyant forces has been also the focus of several works. Tanimoto
et al. (1981) reported a relative motion between an object and the dense phase. The
relative velocity was linear with density, for large density ratios. Nevertheless, the
buoyant force suffered by an object immersed in a bubbling fluidized bed might differ
from what would be expected based on its skeletal density due to a de-fluidized hood of
bed material that appears on top of the object, as stated by Nguyen and Grace (1978)
and Rees et al. (2005).
In Chapter 3 the motion of a neutrally-buoyant object within a 2-D bed was ana-
lyzed. The object was found to describe cycles, moving from the surface of the bed to
a certain depth and back to the surface by the action of several passing bubbles, as ex-
plained by Rios et al. (1986). The cycles described by the object were characterized in
terms of the maximum attained depth and the number of jumps needed for the object
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to go back to the surface of the bed. The distribution of the maximum attained depth
was found to be parabolic, whereas the distribution of the number of jumps showed an
exponential decay.
In this chapter, the experimental procedure described in Chapter 3 has been applied
to a variety of objects. The validity of both the parabolic fitting for the maximum depth
and the exponential one for the number of jumps has been analyzed for objects with
different densities and sizes. The capability of the object to circulate in the bed is
discussed. The effect of buoyant forces on the object sinking and rising velocity is also
analyzed. Finally, the study has been extended to different fluidized beds, varying the
dense phase diameter and the bed height.
4.3 Experimental Setup
The experiments were carried out in the 2-D facility. The bed was set in a column with
a width, W , of 0.5 m, a height, H2D, of 2 m, and a thickness, T , of 0.01 m. The fixed
bed height, hb, was 0.5 m, corresponding to a bed aspect ratio of 1. The bed material
was glass spheres (ballotini particles) with a skeletal density about 2, 500 kg/m3, and
a 600− 800µm of diameter, dp, type B according to Geldart’s classification (Geldart,
1973). The bulk density of the fixed bed, ρb, was measured to be 1, 560 kg/m
3. Mini-
mum fluidization velocity, Umf , was obtained using piezo-electric pressure transducers
(Kistler type 5015 ) that measured pressure fluctuations in the bed. It was 0.32m/s.
During the experiments, the dimensionless gas velocity (U/Umf ) was varied between 1.5
and 3. A standard camera (Nikon D80 10.6 Mpx ) was used to capture the object mo-
tion. The measurements of object motion (to obtain both position and velocity) were
carried out in complete darkness. The objects were coated with strontium aluminate
to emit green light.
The objects studied were in all cases of cylindrical shape, with a diameter, DO, of
6.4mm, while their densities and lengths were varied in a broad range. The character-
istics of the different objects are given in Table 4.1.
These six objects represented four different density ratios (bed-object density dif-
ference over the bulk density of the fixed bed) and three different aspect ratios (length
over diameter of the cylinder). Object N represented a neutrally-buoyant object, but
it will behave in a slightly flotsam manner due to its density ratio. This object was
analyzed in detail in Chapter 3 and it is given here as a quasi-neutral reference in terms
of buoyancy effects. Objects F1 and F2 had densities definitely below that of the bed
and showed flotsam behavior. Object J had a larger density than the bed density and
showed jetsam behavior. Those four objects had the same aspect ratio. The last two
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Object
Density ratio Shape ratio
((ρb − ρo) /ρb) (LO/DO)
F1 0.66 3
F2 0.21 3
N 0.03 3
J -0.09 3
LN 0.03 5
SN 0.03 1
Table 4.1: Characteristics of the objects used in the experiments.
objects, objects LN and SN, were respectively larger and smaller than object N, and
with the same density and diameter. The dimensionless gas velocity was varied during
the experiments between 1.5 and 3. For small velocities, some objects, particularly
Objects J and F1, did not circulate.
Finally, some experiments were performed to study the effect of bed height and
bed material. In the first case, a shallower bed was used, with 0.75 bed aspect ratio
(nominal case was 1). In the second case, the bed material was ballotini particles with
a diameter in the range 400 − 600µm (smaller than the nominal case), and with the
same skeletal density. Those particles still correspond to Geldart’s group B (Geldart,
1973).
4.4 Results
The circulation time of an object immersed in a bubbling fluidized bed varies for
each object cycle as a function of its mean sinking and rising velocities and of two
varying parameters: the maximum depth attained by the object and the number of
jumps needed to get back to the surface of the bed. The distribution of these two
parameters will, therefore, define the circulation time distribution of an object in a
BFB. In Chapter 3, the distributions were obtained for the neutrally-buoyant object,
N. In this chapter, the effect of the object characteristics or the bed parameters on
such distributions is analyzed.
Figure 4.1 shows the results obtained in the previous chapter for the neutrally-
buoyant object, N, and compares them with those for a flotsam object (Object F1).
Graph (a) shows the relative frequency to find cycles with a determined number of
jumps and graph (b) the relative frequency to find cycles that reach a determined
maximum depth. The results were obtained for a dimensionless gas velocity of U/Umf =
3. The fitting curves for the results of the neutrally-buoyant object are also depicted in
the graphs, taken from Chapter 3. The distribution of the number of jumps follows a
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negative exponential distribution, and the distribution of the maximum attained depth
is parabolic. The experimental results are quite similar for both objects and the fittings
seem to represent accurately both distributions, independently of the object density.
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Figure 4.1: Relative frequency (a) to find cycles with a determined number of jumps, and (b) to find
cycles that reach a determined maximum depth.
The motion of the rest of objects was analyzed at different air velocities, showing
in most cases similar results to the ones already shown in Figure 4.1. An adjustment
coefficient to the fittings obtained for the neutrally-buoyant object was calculated to
characterize the suitability of the fittings for the different cases. The coefficient, R2, is
calculated by the least-squares method. In the number of jumps curve, the coefficient
is calculated over the logarithmic data.
Figure 4.2 shows the R2 coefficients for the exponential fitting of the number of
jumps for objects with different densities (a) and sizes (b), and for a range of air
velocities.
In all cases, the R2 coefficient of the exponential fitting for the number of jumps
was higher than 0.85, a value that can still be considered adequate. Therefore, the
global behavior can be said to be independent of the object density and size, and of
the air velocity, for the ranges studied. So the incidence of cycles with an increasing
number of jumps is found to decay exponentially in all cases. The experimental data
corresponding to all the tests are plotted in Figure 4.3 with the exponential fitting. A
small scatter of the data can be observed in the figure, but a similar behavior is evident,
independent of the varying parameters: object density, object aspect ratio and excess
gas velocity.
The probability that an object has, when it begins to rise, to be lifted directly to
the bed surface may depend on its initial position and other factors, but it seems inde-
pendent of its previous history of jumps. Therefore, the process of having to perform
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Figure 4.2: R2 coefficient of the exponential fitting of the number of jumps for objects of different
densities (a) and sizes (b).
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Figure 4.3: Relative frequency to find cycles with a determined number of jumps for all the tests.
a new jump might be considered a memoryless process. The exponential distribution
may well represent this type of processes, but it is a continuous distribution while the
number of jumps is a discrete variable (N = 1, 2, 3). Therefore, the exponential fitting
should be transformed into a discrete distribution. The discrete analog of the exponen-
tial distribution is the geometric distribution. Its probability density function is given
by Equation 4.1:
PN = p · (1− p)N−1 (4.1)
The geometric distribution fitting for the data of Figure 4.3 is also plotted in that
figure, showing minor differences with the exponential fitting and a proper adjustment
to the experimental data. The value of p in the fitting (p = 0.45) describes the average
probability of an object to, once started to rise, be lifted directly to the bed surface.
The value 1− p, (1− p = 0.55), describes de average probability of an object to, once
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started to rise, detach from the bubble or its drift and begin a new sinking process.
The main result in Figure 4.3 is that those average probabilities for the object
rising path, a 45 % probability to arrive to the surface and a 55 % probability to detach
and start a new sinking process, are independent of object parameters such as density
and size. In a first guess, it would seem reasonable that such parameters, specially
a dramatic change of the density, from jetsam to flotsam objects, would affect those
probabilities. The excess gas velocity, a parameter that controls the average diameter
and velocity of the bubbles in the bed, would have seemed even more relevant. On
the other hand, this is an average probability. The experiments showed that, when the
averaging was performed separating the different depths at which the object begins to
rise, the average probabilities varied. Evidently enough, probabilities to reach the bed
surface were higher for lower depths. This distribution for varying depths may change.
Also, the probability of the object to begin its rise at a certain depth varies with depth
and may vary for the different experimental conditions. But the global average remains
constant as established in Figure 4.3.
At the end of this section, the effect of bed height and bed material on these average
probabilities will be also discussed.
The distribution of probability of the attained depth was also studied in detail. The
R2 coefficient was calculated for the parabolic fitting shown in Figure 4.1 (b) for the
maximum attained depth. The results for all the tests are reported in Figure 4.4. As
done previously, the validity of the fitting was accepted for R2 coefficients larger than
0.85. All objects showed a proper adjustment to the fitting for the highest dimensionless
air velocity tested (U/Umf = 3). For lower gas velocities, density and size effects
became important and the distribution changes, first for lower densities and larger
objects and finally (U/Umf = 1.5) for all objects. The distribution obtained for the
jetsam object (only tested for U/Umf = 3, as it did not circulate for lower air velocities)
was symmetrical to those of the flotsam objects. Compared to the symmetrical of FD,
it showed a proper adjustment (R2 = 0.87).
The results in Figure 4.4 should be associated to the incidence of buoyant forces
during the sinking path of the object. Reducing the object density would produce
a higher buoyant force and therefore smaller sinking velocities. This prevented the
object from sinking deep in the bed, so the object moved just in the upper zone of the
bed. Therefore, the probability to attain large depths diminished and the parabolic
behavior was not fulfilled. The effect of the size seems to act in a quite similar way,
larger objects experimented higher buoyant forces. The strong air velocity effect can
be considered to be due to the increase of the fluidization intensity (Otshitani et al.,
2004). The fluidization intensity when operating at high air velocities reduced the
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Figure 4.4: Determination coefficient of the parabolic fitting of the maximum attained depth for
objects of different densities (a) and sizes (b).
effect of buoyant forces, allowing the object to move throughout the whole bed.
Therefore, the parabolic fitting can be considered to represent the motion of all
objects when their ability to move throughout the bed is ascertained. All the tests
where the results differ considerably (R2 < 0.85 in Figure 4.4) from the initial fitting
obtained for the neutrally-buoyant object showed a similar tendency. The object moved
in a restricted zone at the top of the bed. Although the results for medium or small
depths still followed the fitting curve, this was not the case for positions near the bed
surface and for large depths. This can be explained by the inadequate circulation. Most
of the time the objects were retained in the surroundings of the bed surface and they
seldom descended to high depths. Therefore, there is a transfer of relative frequencies
from higher to lower depths. This is shown in Figure 4.5, where the results for the
flotsam object F2, operating at U/Umf = 1.5, are presented. All other tests where the
fitting was invalid showed similar results.
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Figure 4.5: Relative frequency to reach a determined depth. Flotsam object F2, operating at U/Umf =
1.5.
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The probability density function for the maximum attained depth can be obtained
from the parabolic fitting. The attained depth is a continuous variable in contrast
to the number of jumps. Therefore, its probability density function is obtained by
normalizing it, giving Equation 4.2:
PD = 5.45 ·
(
Dm
hb
)2
− 6.36 ·
(
Dm
hb
)
+ 2.36 (4.2)
The bed capability of maintaining the object circulating throughout the whole bed,
as a function of object and bed parameters, is a key point. For a proper understanding,
it has been analyzed using a different approach. The object position was recorded
during all the experiments and a parameter, Fuz, was defined and calculated as the
probability to find the object in the upper half of the bed. This parameter would
be close to 50 % for an object that circulates evenly throughout the bed, and can be
indistinctly found at the higher or at the lower part of the bed. This would be the case
for an adequate bed dynamics and for neutrally-buoyant objects. On the other hand,
its value would approach 100 % for highly flotsam objects and poor dynamics, which
maintain the objects in the surrounding of the bed surface. In such cases, the object
seldom appears at the bottom zone. Finally, its value would be close to 0 % for highly
jetsam objects and poor bed dynamics, in which case the object sinks and remains over
the distributor and rarely rises to the surface.
The results of the parameter Fuz for the different objects and excess gas velocities
are shown in Figure 4.6. These results can be compared with those shown in Figure 4.4,
since a low R2 coefficient in those graphs was linked to poor circulation. The two dashed
lines in the graphs of Figure 4.6 are obtained from this comparison. They represent a
±15 % interval around Fuz = 50 %. The data outside such an interval showed low R2
coefficients as a result of poor circulation, while the data inside the interval correspond
to R2 coefficients higher than 0.85. The results are, therefore, consistent between the
two different approaches.
All the objects tested had a proper circulation throughout the bed for the highest
gas velocity tested (U/Umf = 3). The neutrally-buoyant object, N, had a proper
circulation for a range of dimensionless gas velocities, but it drifts from the 50 % zone
for decreasing gas velocities and reaches the limit for U/Umf = 1.5. Reducing the
density ratio, the case of objects F2 and F1, produced a steeper effect of the gas
velocity. The object F2 circulated properly throughout the bed for dimensionless gas
velocities higher than 2.5, but for lower values (1.5 and 2) buoyancy effects became
important and the probability to find the object in the upper half of the bed was
higher. Operating with less dense objects, such as F1, buoyant forces precluded the
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Figure 4.6: Probability to find the object in the upper half of the bed for (a) different object densities
and (b) sizes.
proper circulation of the object for dimensionless gas velocities as high as 2.5, but
the object circulated throughout the whole bed for U/Umf = 3. The jetsam object,
J, was capable of circulate within the bed for the highest dimensionless air velocity
tested (U/Umf = 3), but when reducing the air velocity it sank deep in the bed due
to buoyant forces. In this second case, the object seldom reached the bed surface, so a
small number of cycles were achieved and for such a reason it is absent in Figure 4.4.
In all cases, an increase of the air velocity and the linked increase of the fluidization
intensity improved the circulation of objects throughout the bed, reducing the effect
of buoyant forces.
A higher effect of density differences between object and bed is apparent for the
jetsam object (density ratio -0.09) in comparison with the flotsam objects (density ra-
tios 0.21 and 0.66). This effect seems to be a consequence of the opposite or identical
directions between buoyant forces and dense phase motion. The neutrally-buoyant ob-
ject has shown a rather flotsam behavior in all the results presented, but this difference
is small and can be neglected in comparison with the density differences for flotsam
and jetsam objects.
The effect of object size, shown in Figure 4.6 (b), is smaller, but some coherent
evolution can also be seen. Larger objects were more prone to be found in the upper
part of the bed.
Finally, the object velocity inside the bed was measured and compared to well-
established correlations for bubbles and dense phase motion. The mean rising velocity
of the object can be observed in Figure 4.7 for all experimental conditions and objects.
The results show similar mean rising velocities for all the objects, and a quasi-linear
behavior with gas velocity. Objects were unable to circulate properly throughout the
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bed for U/Umf = 1.5 so those results are missing. The results are compared with
the mean velocity of bubbles, calculated using the correlation of Shen et al. (2004) for
the bubble diameter, DB, and the correlation of Davidson and Harrison (1963) for the
bubble velocity, UB. These correlations are:
DB =
[(
8 · (23/4 − 1)
λ
)
· (U − Umf ) ·
(
h+
λ
pi · (23/4 − 1) ·
A0
T
)]2/3
· g−1/3 (4.3)
UB = U − Umf + φ
√
g ·DB (4.4)
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Figure 4.7: Mean rising velocity of objects with different densities (a) and sizes (b).
Several authors (Rios et al., 1986; Nienow et al., 1978; Lim and Agarwal, 1994; Rees
et al., 2005) have studied the mean rising velocity of objects in fluidized beds, but their
results present a wide dispersion. The ratio of the mean rising velocity of the object
and the mean bubble velocity along the bed ranged between 10 % and 30 % depending
on the study. Our results show a reasonable agreement for a 20 % ratio.
The low variability of the object rising velocity with the density and size suggests
that the bubbles capability of raising them is not influenced by these parameters.
The mean sinking velocities for all objects and excess gas velocities are shown
in Figure 4.8. A certain effect of buoyant forces can be established. The sinking
velocities of heavier objects are larger. A similar thing happens for smaller objects.
This suggests the existence of a super-imposed buoyant velocity that is a function of
these two parameters: the density difference between the object and the surrounding
bed, and the object length. A comparison with the dense phase velocity is also given,
using the correlation of Kunii and Levenspiel (1991). It shows a reasonable agreement
with the data for Object N. The correlation is given in Equation 4.5.
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vdp =
fw · δ · UB
1− δ − fw · δ (4.5)
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Figure 4.8: Mean sinking velocity of objects with different densities (a) and sizes (b).
The experimental results of Figure 4.1 to 4.8 gave a coherent characterization of
the effect of buoyant forces in the motion of objects immersed in a bed, for the range
of parameters presented. The rising process is connected to the bubble motion and
the rising velocity dependence on gas velocity follows well-established correlations for
bubble velocity. On the other hand, buoyant effects seem inexistent concerning the
rising path: the number of jumps and the rising velocity are not much affected by
object density or size. Nevertheless, the sinking process and parameters related show
a clear buoyant effect. This is evident when looking at Figures 4.6 and 4.8, and for
the cases in Figures 4.4 and 4.5 that do not follow the otherwise general parabolic fit.
Increasing the gas velocity produces a more vigorous fluidization and enables the object
to circulate throughout the bed, diminishing the effect of buoyant forces. Figure 4.8
suggests that buoyant velocities remains constant with gas velocity, but their ratio with
the sinking velocity of the dense phase decreases, and thus they become less significant.
The results previously shown for the probability distributions of the number of
jumps and the attained depth indicate that the distributions remain similar for different
objects and gas velocities. In order to test the validity and range of those expressions,
the effects of bed height and bed material were also tested.
Previous experiments were carried out in a bed with a bed aspect ratio (height over
width) of 1. Figure 4.9 shows the results for a lower bed height (hb/W = 0.75). Note
that the abscissas in Figure 4.9 (b) denote different depths for different bed heights.
Finally, the effect of the bed material was tested. Previous experiments were carried
out in a bed conformed by ballotini particles with 600 − 800µm diameter range. In
64 Chapter 4. Buoyancy effects on the object in 2-D BFB
the experiments shown in Figure 4.10, the motion of the neutrally-buoyant object, N,
was studied in a bed of ballotini particles with 400 − 600µm diameter range. The
skeletal density of the particles remained constant, and in all cases they correspond to
Geldart’s group B (Geldart, 1973).
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Figure 4.9: Relative frequency to (a) find cycles with a determined number of jumps, and (b) reach
a determined maximum depth, for the neutrally-buoyant object moving in a bed with a bed aspect
ratio hb/W = 0.75 operating at U/Umf = 3.
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Figure 4.10: Relative frequency to (a) find cycles with a determined number of jumps, and (b) reach
a determined maximum depth, for the neutrally-buoyant object moving in a bed with dense material
of a diameter 400− 600µm operating at U/Umf = 3.
No important differences can be observed between the experimental data in Fig-
ures 4.9 and 4.10 and the correlations obtained for the previous experiments. Therefore,
the probability distributions given in Equations 4.1 and 4.2 remain also independent
of the bed height and the bed material diameter. Those expressions could be used to
estimate the circulation time of the different objects, as described in Chapter 3.
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4.5 Conclusions
The effect of buoyant forces on the motion of a large cylindrical object immersed in
a 2-D bubbling fluidized bed was experimentally studied using digital image analysis.
The object density and size were varied and their effect on relevant parameters that
characterize the object motion within the bed was analyzed. The parameters include
the circulation homogeneity throughout the bed, the mean rising and sinking velocities,
and other characteristic cycle parameters such as the number of jumps that the object
undergo in his evolution from the bed surface and back to it, and the maximum attained
depth. The effect of the dimensionless gas velocity was also analyzed.
Depending on its buoyant characteristics, an object might be able to circulate ho-
mogeneously throughout the bed or stay in preferred regions, such as the splash zone
or the bottom zone. A parameter that measure the axial homogeneity of object motion
is presented in the form of a coefficient between the time the object is in the upper half
of the bed and the total time. The results show that a proper circulation and axial
homogeneity is much affected by object density, size and gas velocity. Jetsam objects
seldom appear on the bed surface while flotsam objects hardly ever reach high depths.
Increasing the object size has a similar but less intense effect than decreasing object
density.
While circulating, the object moves back and forth between the surface of the bed
and the inner regions, performing a series of cycles. Each cycle is composed by sinking
and rising paths, which can be one or several, depending on whether a passing bubble
is able to lift the object to the surface of the bed or the object is detached from it or
its drift at an intermediate depth. This defines a number of jumps for each cycle. The
results show that the probability distribution of the number of jumps is independent of
density and size of the object and gas velocity, and also of other bed parameters such
as the bed height and the particle size distribution of the bed material. In all cases,
the probabilities followed a geometric distribution for the number of jumps of the form
PN = 0.45 · (0.55)N−1. The value 0.45 describes the average probability of an object
to, once started to rise, be lifted directly to the bed surface and is found to remain
constant for all experimental conditions, including gas velocity changes and varying
object density and size.
A similar result is found for the probability distribution of the maximum attained
depth, which is found to follow the same parabolic law in all cases. Nevertheless, this
is only valid when a proper circulation throughout the bed is ensured. When this is
not the case, not all depths can be attained and the continuous distribution cannot be
fulfilled.
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Rising and sinking velocities are highly dependent on gas velocity, as established in
well known models of bubble and dense phase velocities. Nevertheless, rising velocities
are practically unaffected by object density or size, while sinking velocities show a low
dependence on density and a steeper one on size.
As a main conclusion, buoyant forces are found to be relevant during the sinking
process, but no effect is observed during the rising path. Rising motion is unaffected
for the ranges of variation studied in this chapter, and the bubbles capability of rising
objects and their mean rising velocity is unaffected by object density and size. On the
other hand, the sinking motion varies with the incidence of buoyant forces, showing
axial circulation non-homogeneity, mean sinking velocity variations and restrictions
of flotsam or jetsam objects to remain in the upper or bottom region respectively.
Nevertheless, the effect of buoyant forces on the object motion can be reduced by
increasing the gas velocity.
4.6 Notation
A0 Area of the distributor per number of orifices, [m
2]
dp Dense phase particles diameter, [m]
DO Object diameter, [m]
DB Bubble diameter, [m]
Dm Maximum attained depth, [m]
fw Bubble wake fraction, [−]
FD Relative frequency to attain a certain depth, [−]
FN Relative frequency of a certain number of jumps, [−]
Fuz Relative frequency to find the object at the upper half of the bed, [−]
g Gravity, [m/s2]
h Height over the distributor, [m]
hb Fixed bed height, [m]
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H2D Vessel height, [m]
LO Object length, [m]
N Number of jumps needed for the object to rise to the surface of the bed, [−]
p Average probability of a rising object to be lifted directly to the bed surface,
[−]
PD Probability density function to attain a certain depth, [−]
PN Probability density function of the number of jumps, [−]
R2 Determination coefficient, [−]
T Bed thickness, [m]
U Superficial gas velocity, [m/s]
UB Bubble velocity, [m/s]
Umf Minimum fluidization velocity, [m/s]
vdp Downward velocity of the dense phase, [m/s]
W Bed width, [m]
δ Bubble fraction in the bed, [−]
λ Constant determined experimentally, [−]
φ Constant determined experimentally, [−]
ρb Packed bed density, [kg/m
3]
ρo Object density, [kg/m
3]
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5.1 Abstract
In this chapter the effect of a low-frequency rotating distributor on the motion of a
large object immersed in a lab-scale 3-D bubbling fluidized bed is studied. The object
size and density differ from those of the inert solids that conform the bed. It might
represent a passive particle, a catalyst, or a reactant. The rotation modifies the bed
dynamics in the surroundings of the distributor and affects the motion of the object
within the bed.
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A set of experiments was carried out on a lab-scale cylindrical bed, equipped with
a perforated plate distributor that can rotate at around 1Hz, for different bed aspect
ratios, gas velocities, and object characteristics. Sizes were far larger than that of
the solids of the dense phase and densities ranged from half the bed density to values
around it. The experiments were video recorded, capturing the surface of the bed from
above.
As have often been noted, objects might remain in stagnant regions near the dis-
tributor and be ”lost” or precluded to circulate. This can be avoided in most practical
cases forcing the distributor to rotate. Also, the effect of the distributor rotation on
the circulation times of the objects is presented, showing a general reduction of large
circulation times.
5.2 Introduction
Different measurement techniques have been used both in 2-D and 3-D beds to analyze
the motion of objects immersed in the bed. In some of these studies (Stein et al., 2000;
Grassler and Wirth, 2000; Du et al., 2002; Shen et al., 2004; Bokkers et al., 2004; Ibsen
et al., 2002) the object had a similar density and size to the bed material. These works
were intended to characterize the motion of the dense phase and are beyond the aim of
this PhD thesis. Kunii and Levenspiel (1991) reviewed the first studies focussed on the
motion of large objects in a bed. Rios et al. (1986) studied the motion of large objects
in 2-D and 3-D beds and discussed the sinking and rising processes. Concerning the
rising process, Rios et al. (1986) found that the rising motion of objects was not a
monotonic ascending motion, but the object was lifted small distances by a succession
of passing bubbles, rising in a series of small jumps. The relation between the rising
velocity of the object and the bubble velocity is complex due to the multiple jumps
effect observed by Rios et al. (1986) and the relative motion between bubble and object,
which are far more important than those between object and dense phase in the sinking
process. Nevertheless, the object rising velocity is roughly between 10 % and 30 % of
the mean bubble velocity along the bed, according to the experimental works of Nienow
et al. (1978), Lim and Agarwal (1994), and Rees et al. (2005). Several authors have
studied the sinking process. Lim and Agarwal (1994) found that the sinking velocity
of a large object in a 2-D bed was in good agreement with the Kunii and Levenspiel
(1991) correlation for the velocity of the dense phase for density ratios around 1. The
net buoyant force on an object immersed in a fluidized bed might differ from what
would be expected based on its density due to a de-fluidized hood of bed material that
appears on top of the object, as stated by Nguyen and Grace (1978) and Rees et al.
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(2005). For large density ratios, Tanimoto et al. (1981) and Hoffmann et al. (1993)
studied the relative motion of sinking objects and dense phase and obtained a linear
relation with the density and a potential relation (exponent 1/3) with the diameter,
but their results cannot be accurately extrapolated to our study.
Finally, most of the authors (Rios et al., 1986; Nguyen and Grace, 1978; Sander-
son and Rhodes, 2003; Nienow et al., 1978; Keillor and Bergougnou, 1975) noticed
that the object, quite regardless of its density, may stop circulating within the bed
and be captured in stagnant zones over the distributor, a typical fact for very dense
objects. Sanderson and Rhodes (2003) showed that the reappearance of a lost object
was possible increasing the dimensionless gas velocity over 3Umf . Also, by analyzing
experimental data for various 3-D bed sizes, they showed that the motion of objects
inside the bed was a scalable phenomenon, following hydrodynamic similarity criteria
for bubbling beds.
In this chapter a comparison of results obtained for a standard bubbling fluidized
bed and a ”forced” BFB is presented. Several works have proposed the use of actuators,
imposed on a BFB to modify its dynamics. Passive or active control tools are motivated
by general drawbacks of BFB, such as poor radial mixing, large bubbles and gas by-pass,
or agglomerates and the incidence of heterogeneous fluidization. Proposed solutions
include pulsed gas flow (Moussa et al., 1982; van Ommen et al., 2007), vibrating beds
(Noda et al., 1998; Mawatari et al., 2003), and the use of advanced distributor designs,
including spiral (Ouyang and Levenspiel, 1986; Sreenivasan and Ragahavan, 2002),
swirl (Chyang and Lin, 2002) and rotating distributors (Sobrino et al., 2008, 2009).
Sobrino et al. (2008), using a similar experimental setup to the one used in our
experiments, showed that a rotating distributor may affect global bed parameters. For
instance, they showed that, as a consequence of rotation, bubble diameter is affected,
and become more homogeneous along the bed and minimum fluidization velocity de-
creases.
The effect on the bed dynamics of allowing the bed distributor to rotate, by means
of studying its effect on the motion of an object submerged in the bed is studied in
this chapter. The experimental work was performed on a lab-scale cylindrical BFB,
equipped with a perforated plate distributor that can either remain static or rotate, at
a low frequency around 1Hz. Also, the influence of gas velocity, bed height, and the
density and shape of the object was analyzed throughout the experiments for both the
static and the rotating distributor configurations.
74 Chapter 5. Object motion in 3-D BFB with rotating distributor
5.3 Experimental Setup
The experimental setup consists on a lab-scale cylindrical BFB, an electrical motor
that allows the distributor to rotate and an image acquisition system to capture the
bed surface. The bed performance was characterized by means of pressure measure-
ments. Figure 5.1 shows a schematic diagram of the experimental setup with the main
components.
Figure 5.1: Scheme of the experimental facility.
The cylindrical vessel of the bed is a transparent tube with an inner diameter, D,
of 0.192m and 1m in height, H3D. The fixed bed height, hb, was varied throughout
the experiments between 0.25D and 0.75D. The minimum fluidization velocity was
measured to be 0.31m/s for the rotating distributor bed and 0.33m/s for the static
one, thus the minimum fluidization velocity slightly decreases with the rotation, in
agreement with Sobrino et al. (2008).
Sand with a measured density of 2, 632.5 kg/m3 was used as bed material. The
bulk density of the fixed bed was measured to be 1, 630 kg/m3, which gave the void
fraction of the packed bed, εpacked = 0.38. The diameter of the cylindrical object, DO,
was 6.4mm while the density and length was varied throughout the experiments, as
shown in Table 5.1.
Density, ρo Length, LO
[kg/m3] [mm]
a
1,380
6.4
b 19.2
c 32.0
d 840
19.2e 1,010
f 1,750
Table 5.1: Density, ρo, and length, LO, of the cylindrical objects used in the experiments. Diameter,
DO, was always 6.4mm.
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Therefore, objects a to e are flotsam particles (buoyant) within the fluidized bed,
while object f is a jetsam particle.
The distributor is a 6mm width perforated plate with 275 holes of 2mm diameter,
distributed in a triangular mess of 11mm pitch. According to Karri and Werther
(2003) and Kunii and Levenspiel (1991) the pressure drop along the distributor should
be larger than 30 % the pressure drop along the bed for an homogeneous fluidization.
The distributor was designed according to this criterion and trying to reduce the dead
zones over the distributor, as explained in section 2.3.1. The distributor might be
forced to rotate at a constant velocity of 100 rpm by an electrical motor.
Pressure fluctuations inside the bed were measured through a 4mm internal diame-
ter and 50mm long steel tube connected to a piezo-electric pressure transducer (Kistler
type 5015 ). The signal from the piezo-electric sensor was amplified by a Kistler am-
plifier. The response of this kind of probe and transducer is in good agreement with
the model of Bergh and Tijdeman (1965), as stated by van Ommen et al. (1999). This
model predicts the first resonance frequency to occur at 670Hz, which is far away from
typical characteristic frequencies in fluidized beds (in the 1 − 5Hz range). The sam-
pling frequency was 200Hz and 12, 032 samples per test were recorded. The amplifier
acts as a high-pass filter with a frequency of 0.16Hz, in order to obtain the pressure
fluctuations relative to the local average pressure. The signal was also low-pass filtered
at the Nyquist frequency by the amplifier.
The characteristic frequency of the fluidized bed (fB, 3.61Hz) was determined by
a frequency domain analysis for the nominal case (U/Umf = 1.44, hb/D = 0.5).
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Figure 5.2: Power spectra for the rotating and static distributor configurations. Nominal case
(U/Umf = 1.44, hb/D = 0.5).
During all the tests, the fluidized bed freeboard was video recorded during 10 min-
utes with a recording speed of 30 fps. The resolution of the camera was 480 × 640
pixels. The videos were post-processed using Matlabr. Both the object positions
while on the bed surface and the time periods of disappearance from it (the circulation
time of the sinking-rising global cycle) were obtained from the videos. The experimen-
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tal results of the next section are based on the circulation time measurements, since
the object location while at the freeboard showed no relevant pattern.
Experiments were run for a range of gas velocities, bed heights and object charac-
teristics and for both the static and the rotating distributor configurations of the BFB.
Test parameters are shown in Table 5.2, where hb is the total bed height and D is the
bed diameter, U and Umf are the superficial air velocity and the minimum fluidization
velocity, LO and DO are the object length and diameter, ρb and ρo are the packed bed
density and the object density and n is the rotating angular velocity. A nominal case
was selected for comparison and is highlighted in bold format in the table. Whereas
one parameter was varied in the experiments, the rest of them were kept as in the
nominal case.
Bed aspect ratio
(0.25; 0.5; 0.75)
hb/D [−]
Dimensionless gas velocity
(1.26; 1.44; 1.63)
U/Umf [−]
Object aspect ratio
(1; 3; 5)
LO/DO [−]
Bed-object density ratio
(−0.07; 0.15; 0.38, 0.48)
ρb − ρo)/ρb [−]
Rotating angular velocity
(0; 100)
n [rpm]
Table 5.2: Experimental parameters. Nominal case is in bold format.
5.4 Results
The experimental results are grouped in two sections. In the first one, the probability
of loosing the object (i.e. it did not spring up on the freeboard) is studied. In the
second section, a general study of the circulation time distribution is presented.
5.4.1 Object loss
The first key point observed was that the object was lost after a determined time when
operating with the static distributor. As stated in section 5.2, these losses have often
been reported in the literature as a typical drawback of non-porous (non-homogeneous)
distributors. Although during the design of the distributor special care was taken in
this aspect, losses happened for almost all the tests with the static distributor. Only
for very light objects and large bed aspect ratios the probability of losing the object
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could be considered negligible. Every time the object disappeared, the bed material
was extracted in order to find its position. Evidently, it was always found to be settled
out at the bottom of the bed, placed on the small dead zones between the holes of
the distributor (a triangular mess of 11mm pitch, with object diameter 6.4mm and
lengths ranging from 6.4 to 32mm).
Nevertheless, when operating with the rotating distributor, those losses were com-
pletely inexistent. Moreover, if the distributor was forced to rotate after the object
was lost in a static configuration; it reappeared almost immediately, in a 3− 5 seconds
lapse. This time lapse should not be considered as the time needed for the object
to arrive to the top, because also a certain starting time is needed for the electrical
motor to acquire the operating frequency. The fact that the rotating distributor is
even capable of maintaining in circulation an object denser than the bed (object f)
is significant. Far denser objects (around the dense phase density) did not circulate
independent of the distributor, and were immediately lost. If the incidence of object
losses should be avoided, the distributor rotation may prove a better methodology to
”activate” the circulation of lost objects with intermediate densities than increasing
the gas velocity, as suggested by Sanderson and Rhodes (2003), since the loss of fines
will be avoided. Obviously, the feasibility of a rotating distributor will strongly depend
on the bed geometry and dimensions.
Object loss is of course a bottom zone mechanism. That zone is characterized by the
distributor geometry, and will show both air jets and de-fluidized zones (minimized by
the pitch selection), as shown by Geldart and Baeyens (1985) and Rees et al. (2006).
The rotation of the distributor: i) varies the jet location, and ii) is able to move
the bottom bed material, producing a 3 cm shear layer (rough estimation, observed by
visual inspection) in the de-fluidized particles. These two superposed effects completely
avoid the formation of stagnant regions and are able to immediately restore the object
into circulation.
This effect of preventing object losses is the main result of these experiments. Some
results of the incidence of object losses in static distributor beds follows. The main
interest of these results is to state in which cases the preventing effect of the rotating
distributor is more relevant. With such a purpose, ten tests of 10 minutes were video
recorded and post-processed for each experimental condition in order to determine the
loss probability and time needed for the object to be lost in each configuration with
the static distributor. Ten is not a statistically relevant number, but the aim is only
qualitative. The loss probability, defined as one over the number of times the object left
the bed surface along the experiment, is presented. It is a more reliable factor than the
time till the object sinks for the last time. It seems reasonable to consider each cycle
78 Chapter 5. Object motion in 3-D BFB with rotating distributor
of the object independent of the previous history, and the time till the object sinks for
the last time will of course be influenced by the circulation times of the previous cycles
of the object.
Results for the loss probability in a static distributor configuration are shown in
Figure 5.3. The mean value and the maximum and minimum values (± interval) of the
loss probability are plotted as a function of the experiments varying parameters. The
nominal case (highlighted) is plotted in all the graphs. According to the definition of
loss probability, we have presented the results with a log scale in the probability axis.
The four graphs of Figure 5.3 present the separated effects of bed aspect ratio and gas
velocity, object density and object aspect ratio on the object loss probability.
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Figure 5.3: Object loss probability with the static distributor. Variation with: (a) bed aspect ratio,
(b) dimensionless gas velocity, (c) bed-object density ratio, and (d) object aspect ratio.
Figure 5.3 (a) and (b) present the influence of the BFB dynamics, and Figure 5.3
(c) and (d) that of the object characteristics. As explained above, the results can only
be considered as qualitative information, so minor changes will not be discussed. With
such a consideration, three different behaviors can be disregarded. First, those config-
urations in which the object rapidly stopped circulating, corresponding to values of the
loss probability between 1 and 0.1, meaning 0 to 9 times that the object sprang back
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to the bed surface before being lost. Such cases include the nominal case and those
for a shallow bed, a denser object or a larger one. Here the effect of the rotating dis-
tributor is extremely remarkable. Next, we can consider those configurations in which
the object stopped circulating after a rather large number of cycles, corresponding to
values of the loss probability between 0.1 and 0.01, meaning 10 to 100 object cycles
before being lost. Such cases correspond to smaller or larger gas velocities, a lighter
object or a smaller one. Here the effect of the rotating distributor is still important.
Last, there are those configurations in which the object did not stop circulating
during the 10 minutes tests. In such cases, the experimental value of the loss probability
is zero or, more precisely, it is at least smaller than one over the number of cycles that
the object has performed during those 10 minutes. Those cases are for a large bed
(hb/D = 0.75) and for a low density object (840 kg/m
3, which gives a bed-object
density ratio of 0.48). In the graphs they are represented with a dot and an arrow,
meaning that their probability is at least smaller than the given value. Here the rotation
of the distributor is of no use. In both cases, it is clear that the ability of the object to
reach the bottom zone is reduced. First by a larger depth and thus a need of a larger
residence time in the dense phase, and also because of the existence of larger bubbles
near the freeboard, with increasing probability to interact with the object. And second
by a lower density, and thus buoyant forces becoming more important and precluding
the object to sink deep. This last case is not really relevant, as the object merely stayed
in the bed surface and did not circulate homogeneously throughout the bed. On the
contrary, the restriction for shallow beds is important, and the conclusions of this work
are not valid for deep beds, where object losses seldom appear.
The effect of bed aspect ratio and object density on the loss probability seems
quite straightforward. Above a certain height, the probability for an object to reach
the bottom zone rapidly diminishes for the reasons suggested in the previous para-
graph. Decreasing the object density and thus increasing the related buoyant forces
also decrease the probability of the object traveling to the bottom. Therefore, in both
cases, losses are prevented. The influence of air velocity and object aspect ratio on
the loss probability was not so straightforward. The results in Figure 5.3 (b) suggest
the existence of competing mechanisms when the gas velocity changes. Decreasing
loss probabilities for increasing gas velocity was the expected result, as the intensity
of the fluidization is improved (Otshitani et al., 2004), and both the rising and sinking
velocities are increased. The low probability datum for the lower gas velocity might
be related to a change in the bed structure. For example, the gas velocity might be
too low for establishing the typical 2-vortex configuration, as shown by Pallare`s and
Johnsson (2006), but this fact cannot be established with our data. Finally, Figure 5.3
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(d) shows that the incidence of object losses decreases for smaller objects, while no
difference is observed between the two larger objects (aspect ratio 3 and 5). It seems
reasonable that objects with larger aspect ratios (which means larger objects, as the
diameter of the cylindrical objects is constant) could not be easily risen by bubbles due
to their larger inertia. In contrast, smaller objects could be easily risen. Nevertheless,
this is in fact beyond the purpose of this work, which is focused in establishing the
effects of the rotating distributor.
Industrial applications often rely on the very good vertical mixing associated with
fluidized beds, so that the ability of large objects to move through all zones within
the bed (including the bottom zone) is envisaged. Therefore, object loss may occur
and might cause minor or severe problems, depending on the application, including
reactant loss, hot spots, agglomeration, corrosion, etc. A method of re-releasing the
objects is therefore necessary, and an actuator applied to the distributor, such as a low
frequency rotation, may be a more efficient tool than increasing the gas velocity for
small scale applications.
5.4.2 Circulation time distribution
The distribution of circulation times for the object was also considered in this study
to characterize the effect of the rotating distributor. The circulation time datasets
were obtained performing 10 minutes tests for all the experimental configurations.
The number of data in the datasets was always beyond 100, which can be considered
an adequate number for statistical analysis. Figure 5.4 shows the histograms of the
circulation times for both the rotating and the static distributor configurations. In both
cases, the experiments were run for the nominal experimental conditions (U/Umf =
1.44, hb/D = 0.5 and nominal object parameters). Time intervals in the histograms
were chosen to give a sufficient number of appearances in each bar (> 5), for all the
experimental conditions. For the static distributor, the object losses are taken into
account in the t > 8, 5 s interval.
Chi-square tests of population homogeneity were performed, as a first step to estab-
lish that different datasets correspond to different dynamics, and thus the effect of the
rotation on the circulation times is beyond statistical uncertainty. The Chi-square test
of population homogeneity between the histograms of the two datasets gives a p-value,
and values smaller than 0.05 mean that there is sufficient statistical evidence to guar-
antee that the two datasets are different. Chi-square tests of population homogeneity
were performed between static and rotating distributor measurements maintaining all
other conditions identical. The result for the nominal case showed a p-value of 0.012,
so the two sets can be considered different, and a certain effect due to the rotation did
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Figure 5.4: Histograms of the circulation time for the object to return to the bed surface: (a) rotating
distributor, (b) static distributor. Nominal case (U/Umf = 1.44, hb/D = 0.5).
exists. But, of course, the mechanisms related to object losses has already been shown
to be extremely different with and without rotation. This mechanism affected the data
for large times, although it is not the only cause for large circulation times. Repeating
the Chi-square test disregarding the t > 8.5 s data for both the static and the rotating
distributor cases gives a new p-value of 0.27, so there is no statistical evidence to guar-
antee that these two datasets correspond to different dynamics. Therefore, the effect of
the rotating distributor is only evident for cycles of large circulation time. This means
that the rotation only affects the bottom of the bed, and not the regions above that
zone. Chi-square tests were performed for all the experimental conditions defined in
Table 5.2, giving similar evidence in all the cases.
The circulation time was calculated for all the experimental conditions as the time
lapse between consecutive appearances of the object at the bed surface. The medians
of all the circulation time distributions are shown in the graphs of Figure 5.5 for
comparison with the rest of conditions, varying object and bed parameters, and with
and without rotation.
There is an absence of data in three experimental conditions corresponding to the
static distributor configuration. In those cases the object was lost in the different
experiments without even reaching the bed surface once, or after 2 or 3 cycles, so
there was not enough data for a proper estimation. Those cases are for a shallow bed
(hb/D = 0.25), for a high density object (1, 750 kg/m
3, higher than the bed density,
which gives a negative bed-object density ratio of −0.07), and for an object of high
aspect ratio (LO = 32mm, which gives an object aspect ratio of 5). In all these cases,
the object seldom appeared back in the freeboard throughout the experiments. This
was also the case for the nominal conditions, but in that case a far larger number of
experiments were performed in order to obtain a sufficiently large dataset.
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Figure 5.5: Median of the object circulation time distributions, variation with (a) bed aspect ratio,
(b) dimensionless gas velocity, (c) bed-object density ratio, and (d) object aspect ratio.
The results for the medians show just a slight reduction when using the rotating
distributor. Therefore, there is no relevant effect of the distributor rotation, apart from
the cases where the absence of data for the static distributor shows the ability of the
rotating distributor to maintain the object in circulation. This was rather expected,
as it has been shown that only large circulation times were modified and the median
is a parameter that remains quite unaffected with such variations.
On the other hand, the results in Figure 5.5 show the effect of the varying param-
eters on the circulation times. As has been done previously, a first step is to establish
that the different datasets shown in each graph correspond to different dynamics, and
thus that the differences are beyond statistical uncertainty. For such a purpose we
have used the Chi-square tests. Therefore, tests of population homogeneity were car-
ried out between the datasets for each experimental condition and the nominal cases.
Chi-square tests showed p-values always smaller than 0.05 for all the combinations.
Thus, the influence of the different parameters (bed aspect ratio, dimensionless gas
velocity, object density and size, and rotation) on the circulation of the objects can be
5.4. Results 83
considered as well established.
The results showed an increase of the median value for increasing bed aspect ratios
and a slight increase for increasing gas velocities. The first effect could be attributed
to the average depth attained in a cycle, a parameter that will reasonably increase
for larger bed depths. The effect of the gas velocity is not so straightforward. It
would seem reasonable to expect a reduction of the circulation times for increasing gas
velocities. Such an increase will produce higher sinking and rising velocities, according
to the well established correlations for the bubble and dense phase velocities (Darton
et al., 1977; Kunii and Levenspiel, 1991). No definitive explanation is given, as the
effect is not very pronounced and it is less evident for the whole dataset, as will be
seen in Figure 5.7.
When varying object parameters, the median value decreased for increasing object
aspect ratios and bed-object density ratios, although in this last case, the large differ-
ence between the flotsam objects and the jetsam object was the main feature. This
might be explained by the fact that the jetsam object reached the bottom zone in
practically every cycle. Thus, its dynamics were associated with the rotation and the
related mechanisms that released the object from such a zone. This is in accordance
with the results presented in the object losses section. On the other hand, most of the
flotsam objects cycles will be restricted to the upper layer, and the median represents
these cycles. The effect of the object aspect ratio might be attributed to the higher
buoyant forces suffered by a larger object.
For a deeper analysis of the distributor effect, the information of the median is
not sufficient. To give information of the larger circulation times, box plots were
used rather than histograms, as they give the information in a more compact form.
Box plots are commonly used for a brief understanding of a statistical dataset. In
a box plot, the information is reduced to the median, the lower and upper quartiles
(representing 25 % and 75 % of the population), a confidence interval (defined by the
two experimental data that are further away from the median but inside a maximum
interval of ±1.5 times the inter-quartile range from the quartiles), and outliers (that lie
out of such a confidence interval). Figure 5.6 shows the box plots of the data given in
Figure 5.4. There is a significant difference concerning outliers. The lost object data for
the static distributor were included in the calculation of median and intervals, although
they were not shown as outliers. Removing them would lead to a non-representative
dataset. Note that for the median and intervals calculation the only important fact
is that they represent large times, but it is unimportant to know how large (as is the
case for mean or standard deviation). They were not pointed as outliers because the
time required to rise to the freeboard is unknown, although at least larger than the
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Figure 5.6: Box plots of the circulation time distributions in Figure 5.4. Nominal case (U/Umf = 1.44,
hb/D = 0.5).
The eight graphs of Figure 5.7 present the box plots of the circulation time datasets
as a function of bed aspect ratio and dimensionless gas velocity (note the change of
scale for this plot), object density and object shape, considering both the static and the
rotating distributor configurations. The nominal case shown in Figure 5.6 is highlighted
in the eight graphs.
Once again, the effect of maintaining the object in circulation when a rotation is
applied to the distributor is observed in those graphs where the data for the static
configuration is missing. Apart from that, the effect of the distributor in the incidence
of large circulation times can be observed in most cases, the distributor rotation being
a mechanism to shorten those times. This is probably due to its effect in releasing
the object from the quasi-stagnant regions near the distributor plate. Such an effect is
evident, and probably enhanced, for varying object size or density.
5.5 Conclusions
The motion of a large object within a lab-scale BFB was analyzed, operating with
a rotating distributor or in a static distributor conventional bed. Several tests were
carried out for a range of bed characteristics (bed height and gas velocity) and object
parameters (density and size).
During the operation with the static distributor, after a number of cycles out and
back to the surface of the bed, the object ended motionless in the small dead zones
between holes over the distributor, for almost all test configurations. This effect has
often been referred in the literature but was not the case for the rotating configuration,
where no object losses were reported. In some cases, for large and dense objects, or
operating in a shallow bed, and even for the nominal conditions of our experiments, the
rotation of the distributor permitted the continuous motion within the bed of objects
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Figure 5.7: Box plots of the circulation time distributions for varying conditions, (rd) Rotating Dis-
tributor, (sd) Static Distributor.
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that were immediately lost and did not circulate at all with the static configuration.
Moreover, when an object was lost in a static configuration it could be recovered almost
immediately, by forcing the distributor to rotate. The rotation breaks the layout of
gas jets and stagnant zones just above the distributor, improving the radial and axial
mixing at the bottom of the bed.
The circulation time distribution was presented for the different configurations and
varying parameters. A statistical analysis of the data was performed, showing a slight
effect of rotation in large circulation times. The distribution shows that most of the
results are confined in a small interval (around 0 − 5 s for most configurations), and
then there is a series of outliers (going up to 40 s) that describe the physics of multiple-
jump rising and bottom bed phenomena. The rotation was found to strongly affect the
dynamics of such cycles.
Therefore, rotation of the distributor (either continuous or applied at given in-
tervals) might prove useful (mostly in small scale applications due to the inherent
complications of imposing rotation on a large distributor) when the circulation of the
objects throughout the bed is envisaged and object losses or large circulation times
should be prevented.
5.6 Notation
D Bed diameter, [m]
DO Object diameter, [m]
fb Characteristic frequency of the bed, [Hz]
hb Fixed bed height, [m]
H3D Vessel height, [m]
LO Object length, [m]
n Rotating angular velocity, [rpm]
U Gas velocity, [m/s]
Umf Minimum fluidization velocity, [m/s]
εpacked Void fraction of the packed bed, [−]
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ρb Packed bed density, [kg/m
3]
ρo Object density, [kg/m
3]
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Chapter 6
Conclusions
This PhD thesis presents experimental studies on the motion of objects immersed in
bubbling fluidized beds. The experiments were carried out in two different experimen-
tal setups, a 2-D facility and a lab-scale 3-D fluidized bed. Measurement techniques
included visualization techniques for tracking the object and characterizing the bub-
bles, particle image velocimetry for determining the dense phase velocity, and pressure
measurements for analyzing the bed dynamics.
The 2-D studies were aimed to establish the main characteristics of the object
motion within the bed. The object was tracked throughout its path and its sinking and
rising behavior was determined. The incidence of buoyancy effects was also established
varying the object density and size, ranging from flotsam to jetsam objects. Different
gas velocities were tested and in some particular cases, the bed height and the bed
material size distribution were also varied.
The first tests established the object preferential regions and paths. The ranges of
object size and density and of gas velocity were selected to ensure at least a minimum
object circulation throughout the bed, so no strongly flotsam or jetsam objects (that
remain in the surface of the bed or sink to rest at the distributor) were tested. The
preferential object paths showed them sinking at the sides of the bed following the
dense phase and rising at the center following the preferential bubble paths. The
object moved throughout the whole bed, describing cycles going from the surface of
the bed to a certain depth and back to the surface. In some cases, the circulation
was not homogeneous due to the appearance of buoyant forces. In such cases (large
density differences or larger objects) the circulation could be improved increasing the
gas velocity, a procedure that reduces the relative importance of buoyant forces.
The object trajectory was composed of interleaved sinking and rising paths. The
object did sometimes rise to the freeboard by the action of a single bubble, but usually
it was detached before reaching the surface of the bed. Then, its trajectory showed how
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several bubbles raised the object small distances, a process established in the literature
and called multiple-jerk or multiple-jump behavior. This phenomenon was studied and
the rising and sinking paths were discriminated to calculate average sinking and rising
velocities. This discrimination might be a source of errors. Moreover, while there were
only upward velocities during the rising path within a single jump, the sinking path of
the object was characterized by sudden falls with high downwards velocities interleaved
with larger lapses of vibration, in which both upwards and downwards velocities were
present. These vibration velocities should also be discriminated for a proper average
velocity calculation since they do not produce a net displacement. A procedure to
average the object velocity has been presented in this work.
The obtained average sinking velocity of the object was then compared with widely
used correlations found in the literature for the dense phase. It showed a good agree-
ment for object-bed density ratios close to unity, when buoyant forces could be consid-
ered negligible. For other object densities and sizes, some differences were obtained.
Decreasing the object density produced a reduction of the sinking velocity. The effect
of the object size is inverse, when the object size was decreased, its mean sinking ve-
locity was increased. Increasing the gas velocity diminished these effects. These results
quantified the effect of buoyant forces within the bed. On the other hand, the average
rising velocity was compared with widely used correlations found in the literature for
the bubble velocity. It correlated with the 20 % of the average bubble velocity. Previ-
ous results reported in the literature show a large scatter, giving results from a 10 %
to a 30 % ratio. Variations of the object density and size showed no distinct effect on
this velocity, while variations of the gas velocity were coherent with the above given
ratio, taking into account the relation between gas velocity and bubble velocity.
The multiple-jump behavior was studied in detail and an empirical expression for
the distribution of the number of jumps was obtained. It followed an inverse exponential
distribution, a result that suggests that each jump is an independent phenomenon. The
number of jumps being a discrete variable, the exponential distribution was transformed
into a (discrete) geometric distribution. The experimental results provided a ratio p for
the geometric distribution of 0.45, meaning that there is an average probability of 45 %
for a bubble to raise an object directly to the freeboard. This geometric distribution
was found to be applicable to all the objects tested in all the configurations, that is,
no changes were reported for varying gas velocity, object size and object density, and
even for a bed of finer particles, or a shallower bed. Therefore, the average probability
for a bubble to lift an object directly to the bed surface is independent of the object
size and density, the bubble size and velocity, and the bed characteristics in the ranges
described. It seems to be just a function of the contact area between bubble and object,
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but further work is needed to confirm this hypothesis.
Another main parameter to characterize object motion is de maximum depth at-
tained in each cycle out and back to the freeboard. The probability distribution to
reach a determined maximum depth was obtained. It followed a parabolic distribu-
tion, with a minimum at moderate depths. This can be explained with a look at the
preferential bubble and object paths, obtained in a preliminary study. It showed the
existence of a minimum of the probability to find a bubble at moderate heights at the
sides of the bed where the object sinking process usually occurred. Buoyant forces
related with object density and size did not seem to alter these distributions, either
qualitatively or quantitatively, although a symmetric distribution should be used when
changing from flotsam to jetsam objects. Nevertheless, for large density differences
or large sizes, the distribution was changed as a result of poor object circulation. In
such cases, large depths were precluded and the probability was transferred to min-
ima depths. This was coherent with the non homogeneous circulation of the object
obtained in the first tests. Nevertheless, all the objects tested in this PhD thesis had
a proper circulation throughout the bed provided that the air velocity was sufficiently
high. Thus the fluidization intensity inside the bed reduces the effect of buoyant forces.
The circulation time of the object moving in a 2-D bed, defined as the time spent
by an object to describe a cycle, diving from the surface of the bed and rising back to
it, was analyzed. This time was modeled to depend on the four main factors described
above, the average sinking and rising velocities of the object, the maximum depth
attained in the cycle, and the number of jumps needed for the object to rise back to
the freeboard. Semi-empirical expression were determined, based on the distributions
of the number of jumps and the maximum depth attained, in order to estimate the
distribution of the circulation time of the object inside the 2-D bed. This expression
described reasonably the distribution of circulation times obtained experimentally. The
empirical constants in the expression have been shown to remain for changing object
and bed parameters, except in the case of the sinking velocity, where some correction
should be made, and in the case of poor circulation, where the distribution of attained
depths might change. The semi-empirical expressions were finally extended to estimate
the circulation time of the object moving in a 3-D bed, obtaining a good agreement
with the experimental data.
Finally, a 3-D application is presented. The circulation characteristics of an object
were studied and a method to modify such characteristics and intensified certain pro-
cesses was presented. The method consists on applying a rotating distributor. Its effect
on the motion of objects inside a 3-D bubbling fluidized bed was analyzed. When op-
erating the bed with a static distributor, almost all the objects ended settled out over
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the distributor after a short period of time. This is a typical drawback of perforated
plate distributors and such a behavior was prevented when operating with the rotating
distributor. Then, the dynamics at the bottom of the bed were totally changed, the
layout of air jets and the stagnant zones just above the distributor being altered. More-
over, the rotation of the distributor served to recover objects that were lost preciously
when operating with the static distributor. Circulation times were also measured for all
the objects operating with both the static and the rotating distributor. The rotating
distributor reduced the large circulation times, which correspond to objects that sunk
deep, reaching the bottom of the bed. Therefore, the rotation of the distributor was
proved to be useful for those applications in which the circulation of objects through
the bed is envisaged, and large circulation times or object losses must be prevented.
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